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ABSTRACT
The low temperature s ta b i l is a t io n  reac tion  is  an important stage 
in  the production of carbon f ib re s  from p o ly a c iy io n itr i le . The re su lta n t 
s tru c tu re  contains cyclised  sequences, which enable the f ib re s  to 
w ithstand carbonisation  without d is in te g ra tin g . In th is  th es is  a technique 
has been developed to  cyclise  p o ly ac ry lo n itr ile  using chemical a d d itiv es . 
The reactions have been ca rried  out under c losely  con tro lled  experimental 
conditions a t  temperatures between 273 and 333 K.
The reac tio n  of p o ly ac ry lo n itr ile  so lu tions with n -buty llith ium  has 
been investiga ted  fo r  a se rie s  of experimental conditions. Iso la tio n  of 
the reaction  products a t  various stages enabled a c y c lisa tio n  mechanism 
to  be proposed, from q u a lita tiv e  stud ies ,u sing  spectroscopic and thermal 
analysis techniques. Q uantitative analyses estab lished  the re la tio n sh ip  
between the reduction  in  n i t r i l e  concentration and n-butyH ithium  
concentration, as a function of reac tio n  time. The ex ten t of c y c lisa tio n  
was determined to  be d ire c tly  proportional to the res id u a l enthalpy, 
recorded when the p a r t ia l ly  cyclised  products were analysed using 
d i f fe re n t ia l  scanning calorim etry .
A reac tio n  model was developed, invoking a simple two stage reac tio n  
to describe the c y c lisa tio n  of p o ly ac ry lo n itr ile  with n -bu ty llith ium .
Both stages were found to  be f i r s t  order w ith respec t to n i t r i l e  
concentration.
The chemical cy c lisa tio n  reac tion  in  p o ly ac ry lo n itr ile  has a lso  
been proposed to  be a possib le  su b s titu te  fo r  the low temperature 
s ta b i l is a t io n  rea c tio n , as a p recursor to carbon f ib re  production.
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CHAPTER 1 INTRODUCTION
The use o f carbon f ib re s  in  a wide range o f engineering 
ap p lica tio n s , and th e i r  importance in  modem technology, has been 
widely documented. The aims o f carbon f ib re  research have been broadly 
th ree fo ld , and can be summarised as follow s:
(i)  To e s ta b lish  the nature  of the  chemical reac tion  which 
s ta b il is e s  the precursor f ib re  p r io r  to  carbonisation .
( i i )  To optim ise the production conditions to  a t ta in  the u ltim ate  
p ro p e rtie s .
( i i i )  To modify the production process. Carbon f ib re s  are produced 
by a th ree  stage process, so a reduction in  the time of any s ta g e , or 
possib ly  the elim ination  of a s tep , could improve the economics o f 
carbon f ib re  production.
The work presented in  th is  th e s is  i s  p rim arily  concerned w ith 
chemical reactions of the p recursor polymer, and the possib le  use o f 
chemical methods to  modify the carbon f ib re  process. Although the 
emphasis o f the following d iscussion  w ill  be the e luc ida tion  of 
chemical s tru c tu re s , i t  is  o f in te re s t  to  summarise, b r ie f ly ,  the 
h is to r ic a l  background to  the methods o f carbon f ib re  production.
Carbon f ib re s  are a ttra c tiv e  since they combine high modulus and
streng th  over a wide temperature range. However, they are by no means
a recen t development. As ea rly  as 1880, carbon filam ents were produced 
f l  21from c e llu lo se v 9 J and a t  the tu rn  of the century, regenerated ce llu lo se  
f ib re s  were used as a carbon f ib re  precurso r. ®  Recently, in te r e s t  
in  high s tren g th  f ib re s  has revived in te re s t  in  exp lo iting  these e a rly  
p rocesses.
Carbon f ib re  production came to  the fore in  the 1950’s ,  since 
when many m ateria ls have been considered as p recurso rs. To q u a lify  as
a su ita b le  precursor a high carbon y ie ld  i s  e s s e n tia l ,  while to  
m aintain the o rig in a l f ib re  s tru c tu re , fusion must n o t occur on heating .
Three m ateria ls have found commercial importance in  carbon f ib re  
production:
(i)  P o ly a c ry lo n itr ile  (PAN) f ib re ;  favoured in  the U.K.
( i i )  Regenerated ce llu lo se  f ib re s ;  favoured in  the U.S.A .
( i i i )  F ibres spun from p itc h .
Although processing the various precursors is  no t id e n tic a l,  th ree
major stages are requ ired  fo r  conversion to  carbon f ib re s ;  low
tem perature s ta b i l is a t io n ,  carbonisation  to  remove non-carbonaceous
elements, and a high temperature treatm ent to  optim ise the mechanical
p ro p e rtie s . The low temperature treatm ent is  usually  c a rried  out in
(4 51an oxid ising  atmosphere. Shindo^ 9 J published the f i r s t  d e ta ils  fo r 
producing carbon f ib re s  from oxidised PAN, the process was patented 
in  1962 Both Rolls-Royce Ltd. ^  and R.A.E. F am borough^  improved 
on Shindo!s mechanical p roperties  by re s tra in in g  the f ib re s ,  to  prevent 
shrinkage during the low temperature s ta b il is a t io n  rea c tio n .
Tows of wet spun PAN fib re s  were oxidised under c o n stra in t in  a i r ,  a t  
493 K. The black f ib re s  were subsequently carbonised in  an in e r t  
atmosphere, between 1273-1773 K. The high degree of molecular order 
in  the precursor f ib re s  was m aintained, by using a s u f f ic ie n tly  slow 
heating ra te .  The subsequert high temperature treatm ent was chosen to  
y ie ld  a high s tren g th  or high modulus f ib re . Figure (1) shows a p lo t  
o f te n s ile  stren g th  and modulus as a function of treatm ent tem perature, 
in d ica tin g  the dependence o f the u ltim ate  f ib re  p ro p erties  on the 
tem perature.
PAN is  an a t t r a c t iv e  carbon f ib re  p recurso r, coupling good
mechanical p ro p ertie s  w ith high carbon y ie ld s . More than 50% by weight
(121o f the o rig in a l f ib re  i s  re ta ined  as carbon J , compared w ith a
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ty p ic a l y ie ld  o f 15% from ce llu lo se . Commercially, PAN is  copolymerised 
to  improve the  production process. C ourtelle  i s  the major PAN based 
precursor in  the  U.K., and consists  o f approximately 93% PAN, 6% 
m ethylacrylate , p lus 1% itaco n ic  ac id , added to  a id  d y eab ility . The 
copolymer can be s tre tch ed  more read ily  than the homopolymer, which 
increases the degree of o rien ta tio n  p r io r  to  carbonisation . The ac id ic  
groups promote the s ta b i l is a t io n  reac tio n  by acting  as in i t i a to r s .  
C ourtelle  can be converted in to  carbon f ib re s  w ith inproved mechanical 
p ro p erties  w ith rapxd carbonisa tion , 0-3,14) compare(j t0  homopolymer.
When PAN is  subjected to  the low temperature treatm ent, i t  is  
converted from a lin e a r  polymer in to  a therm ally s ta b le  s tru c tu re . The 
chemistry of th is  process i s  w ell estab lished  when the reac tio n  is  
ca rried  out in  an in e r t  atmosphere. The p rec ise  nature of the reac tio n  
in  the presence of oxygen i s  le ss  well e s tab lished . The s tru c tu re s  
and mechanisms proposed in  the l i te r a tu r e  fo r therm ally tre a te d  PAN, 
and the influence of a v a rie ty  o f add itives on the reac tio n  w ill  be 
considered in  subsequent sec tio n s .
The preceeding summary has ind icated  th a t the th ree  stage 
production scheme fo r carbon f ib re s  is  en erg e tica lly  expensive. Emphasis 
has therefo re  been placed on modifying the process to  reduce i t s  energy 
requirem ents. The use of add itives to  modify the f i r s t  stage by 
chemically inducing thermal s ta b i l i ty  p r io r  to  carbonisation  could 
obviate the need fcT an oxidation stage . Should oxidation prove 
e s se n tia l,  p r io r  s ta b il is a t io n  w ith add itives may reduce the oxidation 
tim e, or enable the temperature to  be a lte re d  to  acce lera te  the thermal 
reac tio n .
Some workers have investiga ted  the e f fe c t  o f add itives on the 
thermal s t a b i l i ty  o f PAN, but few attem pts have been made to  q u a lify  
and subsequently quantify  such reac tio n s , and to  re la te  the re su ltin g
s tru c tu re  to  the production of carbon f ib re s .
The work presented in  th is  th e s is  has concentrated on the reac tio n  
of PAN w ith add itives to  induce thermal s ta b i l i ty  in  the polymer to  
enable i t  to  w ithstand d ire c t carbonisation .
CHAPTER 2 LITERATURE REVIEW
2.1 In troduction
The mechanical p ro p erties  of PAN fib re s  d e te r io ra te  when they 
are heated in  in e r t  or oxid ising  atmospheres. Thermal s ta b i l i ty  can 
be induced by heating the polymer under sp e c ific  conditions. This 
i s  the major s tep  in  the production of good carbon f ib re s .
Thermal s ta b i l is a t io n  is  a r e s u l t  of chemical .changes in  the 
polymer which are m anifest by a progressive change of a sing le  sp e c tra l 
colour. The o rig in a l white homopolymer changes from lig h t  to  deeper 
shades of brown on heating, ra th e r  than progressing through the spectrum 
from yellow to  red as fo r polym ethacrylonit.rile . The extent of 
the colour change is  g rea te r in  oxidising atmospheres, while occuring 
a t  higher tem peratures,than in  in e r t  atmospheres. The colour change i s  
accompanied by a vigorous exotherm, simultaneous reduction  in  n i t r i l e  
concentration and a small weight lo s s . ^  Many workers have 
postu la ted  molecular rearrangement ra th e r than chain sc iss io n  reac tio n s 
to  account fo r  these observations. The re s u lta n t s tru c tu re  co n sis ts  of 
sequences w ith a ladder s tru c tu re  produced by the polym erisation of the 
pendant n i t r i l e  groups, and separated by unreacted n i t r i l e  groups.
In an in e r t  atmosphere the mechanism is  believed to  be re la t iv e ly  
simple whereas in  an oxidising atmosphere the thermal s tru c tu re  i s  
subsequently oxidised.
The th eo ries  of c y c lisa tio n  w ill be discussed together w ith a 
summary of the various s tru c tu re s  and mechanisms which have been 
proposed in  the  l i te r a tu r e .  Furthermore, the e ffe c t of various 
add itives on the cy c lisa tio n  reaction  w ill be discussed. The use 
of chemical methods as an a lte rn a tiv e  to  the thermal s ta b i l is a t io n  
process w ill a lso  be considered.
2.2 Formation of a ladder polymer
Thermal s t a b i l i ty  can be induced by cyc lis ing  the l in e a r  polymer
to  produce a ladder polymer, with enhanced s ta b i l i ty ;  since more than
one bond needs to  be broken to  cause chain sc iss io n  in  a ladder
sequence. Consequently the reduction  in  mechanical p ro p ertie s  on
fl81heating would be minimised. J
Thermal s t a b i l i ty  in  PAN is  thought to  be a r e s u l t  of ladder 
form ation on heating . The ladder polymer i s  produced by the secondary 
add ition  polym erisation of the pendant n i t r i l e  groups. The ex ten t of 
c y c lisa tio n  is  governed by a number of fac to rs ; the physical nature of 
the polymer p a r t ic u la r ly  the presence of abnorm alities and im p u ritie s , 
the  atmosphere, the presence of add itives or comonomers, and the ra te  
of h ea tin g .
Random s e l f - in i t i a t io n  of the c y c lisa tio n  reac tio n  i s  thought to
fl9^
occur. Grassie^ J fo r example, has proposed a cy c lic  t r a n s it io n  s ta te , 
shown in  Figure (2)*with the form ation of some iso la te d  n i t r i l e  groups.
The in i t ia t in g  species could then rea c t in  any d irec tio n  along the 
polymer chain, producing in te rup tions to  the ladder sequences. Therefore 
reac tio n  of a l l  the n i t r i l e  groups would appear to  be im possible, since 
the in i t ia t io n  reac tio n  gives r i s e  to  iso la ted  n i t r i l e  groups. Similarly-, 
reac tio n  in  opposite d irec tio n s would lead to  iso la ted  groups. Experi­
m entally 20% of n i t r i l e  groups are reported  to  remain unreacted. Noh 
and Y u ^ ^  a ttr ib u te d  th is  value to  the random thermal in i t i a t io n  which 
produced an unreactable n i t r i l e  in  a rin g . Therefore cyclised  PAN was 
concluded to  consist of an im perfect s tru c tu re  of ladder sequences with 
a va riab le  number of condensed r in g s , separated by iso la te d  n i t r i l e  
groups.
2.3 The exothermic reac tion  in  PAN
I t  has been generally  concluded th a t the exotherm observed when PAN 
is  heated, i s  a consequence of the secondary polym erisation o f the
F ig u re  (2 ) The s e l f  i n i t i a t i o n  m echanism  p ro p o se d  f o r  th e  
th e rm a l  c y c l i s a t i o n  r e a c t i o n  i n  PAN.(1 9 )
1 S H2 „ CH
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F ig u re  (3 ) M echanism s p ro p o se d  f o r  th e  e v o lu t io n  o f  ammonia
d u r in g  th e  th e rm a l c y c l i s a t i o n  r e a c t i o n  i n  PAN. (2 5 )
n i t r i l e  groups. ^  ^  In co n tra s t, H a y ^ ^  while fundamentally 
agreeing w ith the_proposed_cyclisation reac tio n , postu la ted  three 
competing thermal degradation reac tio n s - _
(i)  co lo ra tion  by n i t r i l e  polym erisation.
( i i )  evolution of ammonia from term inal cyclic  s tru c tu re s  
e ith e r  un i- or bi-m olecularly .
( i i i )  chain sc iss io n  and decomposition. -
The exotherm was d ire c tly  associated  w ith the evolution of ammonia, fo r 
which two mechanisms were proposed,both of which succeed the  c y c lisa tio n  
reac tio n . Figure (3) i l lu s t r a te s  the mechanisms, s tru c tu re  (I) showing 
ammonia evolved during the subsequent arom atisation of the cyclised  
molecules, while s tru c tu re  (II)  invokes the term ination of two oppositely  
propagating imine sequences to  produce ammonia. The l a t t e r  mechanism 
was thought to  be ra th e r un like ly  fo r two reasons. F i r s t ly  there  would 
be a large number of res id u a l n i t r i l e  groups to  be accommodated in to  
the s tru c tu re , while i t  has been shown th a t 801 of n i t r i l e  groups re a c t 
on heating . Secondly the  stereochem istry is  such th a t  the
p ro b ab ility  of two term inal groups a t  the end of long cyclised  
sequences reacting  must be lim ited . Further evidence aga in st Hay’s 
proposal is  the small reduction in  weight when PM is  heated through 
the  exotherm. Cyclised lengths must be la rge , which re s u l ts  in  small 
q u a n titie s  o f ammonia being evolved. Therefore stereochem istry does 
not favour Hay’s proposal. I t  w ill  be proposed in  sec tio n  (6.6 ) th a t  
the residual, n i t r i l e  groups are produced because they are sandwiched 
between cyclised  sequences. Where n i t r i l e  groups have been to ta l ly  
iso la ted , fu rth e r  reaction  could only occur v ia  an interm olecular 
cross linking  reac tio n , fo r which no evidence has been reported  ’ a t  
th is  low tem perature.
The reduction  in  weight observed when PAN was heated through the 
exotherm has been a ttr ib u te d  to  the  formation of small frac tio n s  of 
low molecular weight compounds such as hydrogen cyanide and ammonia.
Chain fragm entation has a lso  been reported . (26-29)
The exotherm is  c h a ra c te r is t ic a lly  sharp when observed in  both 
in e r t  and oxid ising  atmospheres. The peak maximum temperature is  
reported  to  be approximately 548 K in  an in e r t  atmosphere, and about 
598K in  an oxid ising  atmosphere.
2.4 C yclisa tion  of PAN in  an in e r t  atmosphere
The thermal behaviour of PAN heated in  an in e r t  atmosphere has 
been well e stab lished . Therefore, the s tru c tu re  and reac tio n  mechanisms 
proposed in  th is  case w ill  be used as a model fo r subsequent reac tio n s . 
A dditives used to  modify the reac tio n , including oxygen, comonomers 
and chemical species w il l  be discussed in  terms of th e ir  e f fe c t  on the 
model s tru c tu re . Generally, reac tio n  mechanisms have been proposed by 
the id e n tif ic a tio n  of the s tru c tu re s  formed on heating . Therefore 
the various s tru c tu re s  proposed in  the l i te ra tu r e  w ill  be summarised, 
and an attem pt w ill be made to  id en tify  the in i t ia t io n  and propagation 
mechanisms.
Houtz a ttr ib u te d  the colour formation observed when PAN is  
heated to  a cy c lisa tio n  reac tio n , and proposed a condensed pyrid ine 
s tru c tu re , shown in  Figure (4 .1 ), to  account fo r h is observations.
The s tru c tu re  re su lted  from c y c lisa tio n  and dehydrogenation. However 
h is  experimental conditions were obscure and in  the absence of oxygen 
containing groups i t  was unclear how oxidation could produce an arom atised 
s tru c tu re .
Since these early  stud ies much work has been c a rried  out to  
explain the behaviour of PAN on heating . I t  has been genera lly  accepted 
th a t when PAN is  heated in  an in e r t  atmosphere a condensed naphthyridine
structure i
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F ig u r e  W  A s e r i e s  o f  s t r u c t u r e s  p ro p o se d  f o r  PAN, t h e r m a l ly  
c y c l i s e d  i n  i n e r t  a tm o s p h e re s .
(31-35)rin g  s tru c tu re  i s  formed. J Figure (4.2) shows the polym erisation
of adjacent n i t r i l e  groups to  produce a conjugated-(C^N)- s tru c tu re . In 
co n tras t to  th is  secondary polym erisation, reac tio n  in  the  polymer back­
bone has been p re fe rred  by some workers. Figure (4.3) shows the double 
bond in  the backbone conjugated w ith a n i t r i l e  group as suggested by 
Conley and Bieron. This idea was extended by F este r, (37>38)
B e r l i n a n d  Litovchenko e t  a l ^ ^  who proposed a conjugated polyene 
s tru c tu re  with pendant n i t r i l e  groups as shown in  Figure (4 .4 ). These 
s tru c tu re s  are based on spectroscopic a n a ly sis , but since (C=C) and 
(C=N) groups are known to  absorb a t  s im ila r wavelengths in  both the 
in fra red  and the u l t r a v io le t ,  and have a broad absorption band, i t  is  
d i f f i c u l t  to  d if fe re n t ia te  between them. Conley observed th a t  the 
n i t r i l e  s tre tch in g  absorption in  the in fra red  had not decreased when 
co lo ra tion  occurred, and th a t a peak a t 2215 cm ^ was formed. Therefore, 
since the n i t r i l e  groups had apparently not reacted  and an absorption 
ty p ic a l of a conjugated n i t r i l e  was formed, he proposed the  s tru c tu re  
shown in Figure (4 .3 ).
However, th is  s tru c tu re  does not explain the u l t r a v io le t  absorption 
spectrum of therm ally trea te d  PAN because the model compound 2-cyano-2- 
butene (CHXCHCH^) does not absorb in  the near u v i - ^  The conjugated
£n
polyene s tru c tu re  (Figure (4.4)) was in fe rred  from the constant n i t r i l e  
absorbance a t  2240 cm ^.(37 40) was no t xep0r te d  elsewhere.
Since spectroscopy does not allow the possib le  conjugated systems to  be 
iden tified ,P eeb les  e t a l . ^ ^  developed a chemical method to  d is tin g u ish  
between-(C=C)- and-fC=N)- species. They observed th a t products from
A A
degradation by heat and bases always behaved lik e  a-{C=NV system,
A
which elim inated the conjugated polyene s tru c tu re .
In co n trast to  these in tram olecular mechanisms, Skoda and 
Schurz(43,44) ^ave proposed an in term olecular crosslink ing  reac tio n  to  
account fo r  th e ir  observed spectroscopic changes. Figure (4.5) shows
the  condensation of a pendant n i t r i l e  group with a t e r t ia r y  hydrogen 
to  produce a crosslinked  s tru c tu re . Evidence against th is  proposal 
was c ite d  by Grassie e t  a l .  , Takata e t  ’a l  and Friedlander 
e t  a l. as a r e s u l t  o f analysing model compounds. The l a t t e r
workers prepared 2-imino-3-cyanobutane as a model fo r  the azome th ine 
lin k . These compounds e x is t  predominantly as enamines;
CH7C-CHCH7^  CH7C-CCH7in | i  i  j j i
NH CN NH2CN
and they possess a strong u l tr a v io le t  absorption a t 255 n m .^ ^
Enamines produced during the polym erisation of a c ry lo n itr i le  have a
c h a ra c te r is tic  u l tr a v io le t  absorption a t  265 nm. The model compound
was white and re a d ily  hydrolysed to  a k e to n itr i le  species on add ition  
(49)of an a c id v  ^ while the chormophore in  PAN is  not hydrolysed even under 
more rigorous conditions. W2,50) oxidation of the model
compounds did not produce the hydrolyseable azomethine s tru c tu re , which 
co n stitu ted  d ire c t evidence against Schurz’s proposal. G r a s s i e a n d  
T a k a t a c a m e  to  the same conclusion based on in d ire c t evidence.
In conclusion, the bulk of the evidence in  the l i te ra tu re  favours 
the proposed naphthyridine s tru c tu re  fo r the in e r t  thermal reac tio n s 
in  PAN. This conclusion was fu rth e r  su b stan tia ted  by recen t work ca rried  
out by Coleman and Petcavich, who c a rried  out an in tensive  study of the  
thermal degradation of PAN film s under reduced p ressu re , using the 
se n s itiv e  Fourier Transform in fra red  spectroscopic technique. They 
proposed a simple mechanism to  f i t  th e ir  experimental da ta , which is  
shown in  Figure (5). (I) shows nucleoph ilic  a ttack  on the n i t r i l e  group
by the anion X , which could be generated by cyano-, carboxylic- or 
amide- type functional groups, followed by ( I I ) -  the  c y c lisa tio n  of 
sequences along the polymer chain. Subsequently s tru c tu re s  ( I I I )  and 
(IV) tautom erise, giving an enamine-imine equilibrium , since imines
x ^ C\ N  ^ N H o
H H H L
F ig u re  ( 5) A schem e p ro p o se d  f o r  th e  r e a c t i o n  o f  PAN a t  
A73 K u n d e r  re d u c e d  p r e s s u r e .  ( 51)
-(C-C=N)- are thought to  re a d ily  tautom erise to  enamines^C^-N)-.
For mesomerism to  be present'betw een^structures ( I l f ) - and (IV) a 
p lanar rearrangement of the 3 enamine atoms and the fiv e  adjacent 
atoms is  requ ired . F u lfillm ent o f these requirements is  thought to  
lead to  f u l l  in te ra c tio n  of the ir o rb ita ls  of the double bond and the 
lone p a ir  of e lec trons on the n itrogen  atoms. In th e ir  scheme
stru c tu re  (IV) f u l f i l l s  these requirem ents. Further evidence is  
presented from consideration  of the analogous tetrahydropyridine 
s e r ie s , where the en o l-lik e  s tru c tu re  is  more s ta b le .
The enamine interm ediate then reacted  with the trace  amounts of oxygen 
which were p resen t in  the reduced atmosphere to  produce the pyridone- 
type s tru c tu re  (V). Heterocyclic enamines are known to  be se n s itiv e  to  
oxidation. (54,55) in fra red  assignments upon which th is  mechanism
has been proposed w ill  be given in  section  6 .3 .2  and are very s im ila r 
to  those observed fo r the reac tio n  of PAN w ith n-BuLi. However the 
oxygen s e n s i t iv i ty  reported  was not apparent in  the chemical rea c tio n , 
therefo re  the imine-enamine tau tom erisation  was thought to  be less  
lik e ly . This mechanism w ill  be discussed in  g rea te r depth in  Chapter 6, 
in  conjunction w ith  the re s u lts  reported  in  Chapter 50 fo r the chemical 
reac tio n . The FTIR technique used by the above authors has produced 
b e tte r  resolved spectra  fo r therm ally degraded PAN than previously  
reported  in  the l i te r a tu r e .
The cyclised  s tru c tu re  r e s u lts  from a chain reac tio n  which can be 
considered to  have th ree  stages: in i t ia t io n ,  propagation and term ination . 
In i t ia t io n  can occur in  a number of ways:
(i) by intram olecular reac tio n  of a te r t ia r y  hydrogen w ith an 
adjacent n i t r i l e  group, (56,57) proj uce ^  imime group, which is  the 
tru e  in i t i a to r .  This i s  the so -ca lled  " s e lf  in i t ia t io n ” re a c tio n ,
which has been used to  explain the presence of iso la ted  n i t r i l e  groups 
remaining a f te r  heat treatm ent.
( i i )  by the production of fre e  ra d ic a ls  on heating . These may 
r e s u l t  from a number of reactions which may or may no t involve chain 
sc iss io n . Three possib le  mechanisms are shown in  Figure ( 6 ) ^ ^  with 
s tru c tu re  (II)  i l lu s t r a t in g  the importance of the t e r t ia r y  hydrogen 
in  the thermal reac tions of PAN. The resonance s ta b il is e d  ra d ic a l
is  produced without any chain sc iss io n . However in i t ia t io n  by the 
l in e a r  -CON* rad ic a l would be le s s  l ik e ly .
( i i i )  by reactions in  the polymer to  produce B -k e to n itrile  groups, 
which could in i t i a t e  the c y c lisa tio n  reac tio n . This reac tio n  is  
favoured by Peeb les’ g r o u p w h o s e  proposed in i t ia t io n  mechanisms 
are schem atically  represented in  Figure (7). The possib le  production 
rou tes fo r k e to n itr i le  groups has been summarised in Figure (8) 
demonstrating th a t  they may be produced by the oxidation of PAN by 
oxygen (B+C), or by water (D), or by in te ra c tio n  between s tru c tu ra l  
defects and humidity present in the polymer. The re s u l t  o f side  
reac tions during the polym erisation of a c ry lo n itr i le  could produce 
enamine groups which read ily  hydrolyse to  k e to n i t r i le s . Subsequent 
in i t i a t io n  of the cy c lisa tio n  is  brought about by nuc leoph ilic  a tta c k  
o f the n i t r i l e  groups, which Grassie e t a l^  J concluded was responsib le  
fo r  a l l  in i t i a t io n  reac tio n s. Enamines could be produced by polym erisa­
tio n  through the  pendant n i t r i l e  group by the growing chain, or by 
oxidation of the methylene carbon atoms.
(iv) by the addition  of species which may in i t i a t e  the c y c lisa tio n  
reac tio n . Comonomers e ffe c tiv e ly  introduce both abnorm alities and 
in i t ia t in g  species in to  the polymer. Such additions may ac t p re fe r ­
e n tia l ly  as in i t ia t io n  s i te s  fo r the cy c lisa tio n  reac tio n . For example, 
PAN is  commercially comonomerised w ith itaoon ic  acid and m ethacrylate.
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F ig u r e  (6 )  M echanism s f o r  th e  p r o d u c t io n  o f  f r e e  r a d i c a l s  
i n  PAN. (5 7 )
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F ig u re  ( 7 ) S c h e m a tic  r e p r e s e n t a t i o n  o f  p o s s ib l e  i n i t i a t i o n  
m echanism s f o r  th e  c y c l i s a t i o n  o f  PAN. ( 4 l )
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F ig u re  ( 8 ) P r o d u c t io n  r o u te s  f o r  k e t o n i t r i l e  g ro u p s  a s  a
p r e c u r s o r  to  th e  c y c l i s a t i o n  r e a c t i o n  i n  PAN. (5 8 )
The acid  groups are ion ic  species which can in i t i a te  the cy c lisa tio n  
reac tio n  by nuc leoph ilic  a tta c k . Since ion ic  in i t ia t io n  is  more 
rap id  than free  ra d ic a l in i t ia t io n ,  ion ic  mechanisms predominate in  
the  presence of such species.
Propagation of the reac tio n  is  brought about by the  secondary 
polym erisation of the n i t r i l e  groups. Figure (9) demonstrates th is  
stage in  the presence of both free  ra d ic a ls  and ions. The ra te  of 
propagation is  con tro lled  by a number of fa c to rs . Rotation about 
the polymer backbone must occur to  bring the adjacent n i t r i l e  group 
in to  the reac tion  volume. A s im ila rly  important fac to r is  the 
t a c t i c i ty  o f the polymer. In the f ib re  form o rien ta tio n  introduced by 
s tre tc h in g  re s u l ts  in  neighbouring is o ta c tic  n i t r i l e  groups of the 
fu l ly  extended conformation being in  close proxim ity, thus requ iring  
le s s  energy fo r the subsequent c y c lisa tio n  reac tio n . Propagation . 
through is o ta c tic  sequences produces le s s  s tra in ed  cyclised  sequences 
than through synd io tac tic  sequences, which in  oriented  polymers can only 
rea c t i f  the chain relaxes to  a more random conformation. In th is
('29')case the ladder polymer formed w ill  not be planar but curved. Grassie^ J
and M adorsky^^ have proposed a backbiting mechanism, shown in  Figure (10),
to  provide a tra n s fe r  mechanism, although i t s  f e a s ib i l i ty  in  a h ighly
o rien ted  system crosslinked by the strong dipole forces of the  n i t r i l e
(57')
groups is  questioned by Clarke. ■ Therefore propagation occurs along 
the polymer chain, i t s  ra te  and degree being dependent on fa c to rs  such 
as s te r ic  hinderance, or oppositely  growing chain ends which prevent 
fu r th e r  reac tio n .
Termination may be brought about in  a number of ways. Free ra d ic a ls  
may combine, while ion ic  term ination is  probably a function  of s t e r ic  
fa c to rs , or the reac tio n  environment becoming in su f f ic ie n tly  p o la ris in g  
to  m aintain separa tion  of the charge.
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Figure (9 ) Mechanisms fo r  the free  ra d ic a l and ion ic
propagation of the c y c lis a tio n  re ac tio n  in  PAN.
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Figure (10) A proposed "backbiting" tra n s fe r  mechanism in  
the c y c lisa tio n  of PAN. (29)
2.5 C yclisa tion  of PAN in the  presence of add itives
2 .5 .1  In troduction
C yc lisa tion -w ill be affected-by the presence-of ad d itiv es , 
whether in  the environment (eg. oxygen), as comonomers (eg. itaco n ic  
acid and m ethacrylate added to  produce C o u rte lle ) , as im purities 
or sp e c if ic a lly  added in i t i a to r s .
Commercially, PAN is  therm ally s ta b il is e d  by heating in  an oxidising 
atmosphere, re su ltin g  in  both c y c lisa tio n  and oxidation of the f ib re s . 
However unless the exotherm is~ contro l ie d ,fu s  ion can occur, leading to  
the lo ss  of ind iv idual f ib re s . Economically, i t  would be advantageous 
to  produce a p recursor f ib re  which could e ith e r  be carbonised d ire c tly , 
or oxidised fo r  the minimum tim e. Therefore in te re s t  has been generated
in determining the e ffe c t of add itives on the thermal behaviour of PAN.
(29)G rassiev J has reported th a t  the exothermic behaviour of PAN is  
d if fe re n t in  the presence of ad d itiv es . The exotherms were generally  
extended over a broader temperature range, so th a t the heat generated 
a t any temperature was reduced. Consequently fusion  and chain fragmenta­
tio n  which would re s u l t  from a vigorous exotherm is  reduced.
The e ffe c t of add itives on the co lo ra tio n , cy c lisa tio n  and exothermic 
reactions in  PAN have been reported  in  the  l i te r a tu r e .  The following 
sections review the possib le  methods of incorporating add itives in to  
the polymer.
2 .5 .2  A dditives introduced during the polym erisation of a c ry lo n itr i le
This is  the le a s t  exploited  method of incorporating add itives 
in to  PAN.However aluminium residues have been incorporated in to  PAN by 
in i t ia t in g  the polym erisation with the reac tio n  product of t r ia lk y -  
aluminiunand a carboxylic acid s a l t . ^ ^  I t  has been reported  th a t the  
re su ltin g  polymercould be spun and d ire c tly  carbonised, producing a 
carbon f ib re  w ith good mechanical p ro p e rtie s . I t  has also  been reported
th a t the coloured PAN can be produced by polymerising a c ry lo n itr i le  
w ith organom etallic compounds. ^ 9 ^
Comonomers can a lso  be considered as a d d itiv e s , introduced during 
the polym erisation of a c ry lo n itr i le . The major carbon f ib re  precursor 
in  the  UK. i s  C ourte lle , which is  a copolymer of PAN containing 61 
m ethacrylate p lus I I  itaco n ic  acid (added to  a id  d y e a b ili ty ) .
In te rn a lly  p la s tic is e d  polymers can be stre tched  to  a higher degree, 
while i t  i s  believed th a t  the  carboxylic acid group ac ts  as an in i t ia to r  
fo r the c y c lisa tio n  reac tion .
2 .5 .3  Additions to  the low temperature and carbonising atmospheres 
Gaseous add itives are reported  to  improve the u ltim ate 
stren g th  of carbon f ib re s , and to  promote the expulsion of non- 
carbonaceous atoms^increasing the carbon y ie ld .
The major example is  the use of oxygen in  the low temperature 
s ta b i l is a t io n  reac tio n . The mechanism of oxidative in i t ia t io n  i s  
less c e r ta in  than the proposed in e r t  reac tio n , and disagreement 
as to  the p rec ise  method of oxygen incorporation  s t i l l  e x is ts  in  the 
l i t e r a tu r e .  Generally the oxidation of polymers involves the formation 
and decomposition of hydroperoxides, followed by subsequent rad ica l 
chain reac tio n s . I t  has been observed th a t n i t r i l e  polym erisation is  
slower in  oxygen than in  in e r t  atmospheres. I t  is  l ik e ly  th a t oxygen 
in h ib itio n  occurs, i . e .  free  rad ica ls  are immediately s ta b il is e d  by 
hydroperoxide form ation. Furthermore large  sca le  s tru c tu ra l changes 
p r io r  to  cy c lisa tio n  are un like ly  since Watt has shown convincingly 
th a t most oxidation is  subsequent to  the n i t r i l e  reac tio n .
The in i t ia t io n  reac tio n  is  thought to  be the same in  oxygen as in  
in e r t  atmospheres. Subsequent oxidation produces peroxy rad ic a ls  which 
propagate the reac tio n . S ta b ilisa tio n  in  an oxid ising  atmosphere has 
been a ttr ib u te d  to  a v a rie ty  of s tru c tu re s . Although H o u tz ^ ^  concluded
th a t oxygen must be p resen t in  heat tre a te d  PAN, no mechanism'for i t s  
inc lusion  was proposed. Burlant and Parsons analysed oxidised 
PAN. Although incomplete analysis w ith respect to  carbon, n itrogen 
and hydrogen was recorded, no explanation was given. Sim ilar d is ­
crepancies recorded by V osburgh^^ were a ttr ib u te d  to  the  formation 
of hydroxyl groups in  the polymer backbone, in  conjunction with 
dehydrogenation. However no reference to  a cy c lisa tio n  reac tio n  was 
given. Opinions on the  p rec ise  ro le  of oxygen vary, depending, whether 
i t s  ro le  as a c a ta ly s t  fo r the arom atisation of the naphthyridine r in g s , 
or incorporation  in to  the polymer backbone is  favoured. The l a t t e r  is  
p refe rred  but the nature of the oxygen containing groups has caused 
sane disagreement.
Oxidation can occur e ith e r  a t  the a - or 3-hydrogen atoms, and 
mechanisms involving both positio n s have been proposed. Danner 
suggested th a t in i t ia t io n  of the c y c lisa tio n  reaction  i s  brought about 
by imino groups produced by peroxidation a t the a-hydrogen. Since the 
n i t r i l e  group is  e lec tro n  a t t r a c t iv e ,  the a-carbon is  rendered proton 
re le a s in g , enabling the reac tion  to  occur. This reac tion  re s u l ts  in 
simultaneous n i t r i l e  polym erisation and fre e  rad ic a l a ttack  a t  the 
a-carbon. The hydroperoxide group produced in  the l a t t e r  case rea c ts  
to  produce hydroxyl groups which in tu rn  condense with the 3-hydrogen, 
introducing backbone unsa tu ration . Figure (11) demonstrates th is  
mechanism. Evidence fo r  the reac tio n  producing aromatic naphthyridine 
rings was based on re su lts  from in fra red  spectroscopy, and ESR stud ies 
of so lu tions of PAN in  DMSG, heat tre a te d  in  the presence of oxygen.
The band which developed a t 1600 cm  ^ was assigned to  a conjugated 
-(C=CH}- double because poly a -c h lo ro ac ry lo n itr ile  tre a te d  w ith an HCL 
acceptor resu lted  in  a s tru c tu re  whose degree of conjugation was a 
function  of the pyridine concentration. L i t t le  m odification to  the
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F ig u re  (1 1 ) The p r o d u c t io n  o f  h y d ro p e ro x id e  g ro u p s  and
s u b s e q u e n t  c y c l i s a t i o n  r e a c t i o n  p ro p o s e d  f o r  
th e  o x id a t io n  o f  PAN ( 65)0
1600 cm  ^ region was observed. A peak a t  2210 cm  ^ was recorded, 
which was not apparent when PAN was heated in  a i r ,  from which i t  
was in fe rred  th a t cyclised  PAN does not contain «^ g=CH}- sequences' _ 
in g rea t q u a n titie s . Complete dehydrochlorination of PaClAN to 
polycyanoacetylene g rea tly  reduced the n i t r i l e  absorption, while 
producing a new sing le  band a t 1600 cm \  from which i t  had been 
concluded th a t  aromatic naphthyridine cycles had been produced. The 
peak a t  2210 cm  ^ has been 'reported when PAN has been tre a te d  under 
a v a rie ty  of conditions'^ - I t s  assignment was fundamental t b '  ••the""study ' 
o f the  reac tio n  of PAN with n-BuLi and w ill be fu lly  discussed in  
Chapter 6. There is  however more evidence fo r the peak re su ltin g  
from a change in  the n i t r i l e ' environment, than fo r the proposed 
conjugated n i t r i l e  of Danner Muller e t  a l ^ ^  and Miyamichi 
agreed with th is  mechanism. They observed th a t the presence of 
humidity in  the polymer during thermal treatm ent was not dependent on the
e ffe c t of a i r ,  ra th e r  the environment accelera ted  th e  c y c lisa tio n  reac tio n  
as shown by the enhanced ra te  of co lo ra tion . Conley and Bieron^*^ 
s im ila rly  proposed a-carbon su s c e p tib il ity  fo r  the oxidation rea c tio n , 
although th e ir  in i t ia t in g  species were d if fe re n t .  ___
In co n tra s t, o ther workers have favoured the 3-p o sitio n  as the 
most suscep tib le  to  oxidative a ttack . (49,67 71) peeb ies e t a l ^ ^  
drew th e ir  conclusion from the observation th a t  th ree  times the
amount of oxidation occurred a t  the methylene bridge. A sim ila r con—
Q 21 1 _ 'e lusion  was drawn by Scott‘S  J by considering the e le c tro p h ilic  nature
of the a lky l peroxy ra d ic a l, which could rea c t more rea d ily  a t  th is
p o sitio n .
A v a rie ty  of s tru c tu re s  have been proposed even though the po in t
(73 741of a ttack  had been agreed upon. Standage e t  a l .^  ’ } have suggested
two s tru c tu re s , shown in  Figure (12), based on re s u l ts  from elem ental
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F ig u re  (1 2 ) Two s t r u c t u r e s  p ro p o se d  f o r  o x id i s e d  PAN. (73*7^)
an a ly sis , in fra red  spectroscopy and nuclear magnetic resonance 
stud ies of oxidised PAN f ib re s . S tructure (II)  was p re fe rred , 
although i t  was le s s  favourable from s te r ic  considera tions. No 
other evidence fo r epoxide groups has been reported  in  the 
l i t e r a tu r e .
(75') .
The f in a l  s tru c tu re  of P o tte r  and Scott \  J fo r oxidised 
C ourtelle  seems to  p resen t the most l ik e ly  rep resen ta tion  of the 
s tru c tu re  formed during oxidation , shown in  Figure (13). The 
s tru c tu re  is  a mixture of cyclised  sequences, aromatised cyclics 
and oxygen containing groups, ind ica ting  th a t oxygen possib ly  
cata lyses arom atisation v ia  reactions w ith the polymer backbone. 
Watt’s u ltim ate  s tru c tu re  was very s im ila r. The c y c lisa tio n
fcUt
reac tio n  was in i t ia te d ,  propagated and ^ subsequently oxidised. 
Oxidation occurred in  the $ -p o sitio n  producing hydroperoxide groups, 
loss of water led  to  keto-form ation, w ith tau tom erisation  to  a
hydroxypyridine s tru c tu re , which subsequently tautom erised to
produce the f in a l  pyrid ine s tru c tu re . Thus oxygen would be present
in  the polymer backbone as both carbonyl and hydroxyl groups. A
(57)sim ila r conclusion was drawn by Clarke^ J who thoroughly in v e s ti­
gated the oxidation of a c ry lic  f ib re s , and sup rising ly  discovered 
th a t  oxidation a t  493 K fo r only 15 min produced carbon f ib re s  with 
good mechanical p ro p e rtie s . Commercially much longer oxidation times 
are used. C larke’s proposed s tru c tu re  is  shown in  Figure (14). In 
c o n tra s t, Peebles suggested th a t n itrone  groups were produced by 
the  add ition  of oxygen to  the polyimine cycles during the propagation 
and oxidation of the cyclised  sequences. This conclusion was used 
to  explain  the.deeper colours produced on oxidation of PAN and the 
f a c t  th a t oxygen was absorbed without reducing the hydrogen 
concentration. However no d ire c t evidence fo r  th is  s tru c tu re  was
Figure (13) The f in a l  s tru c tu re  proposed fo r  oxidised 
C o u rte lle . (75)
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Figure (1*0 The s tru c tu re  proposed fo r  oxidised PAN. (57)
presented. In fa c t R o s e ^ ^  and U c h id a ^ ^  concluded from in fra red  
s tu d ies  th a t  n itrone  groups were no t produced.
The ro le  of oxygen in  the  thermal s ta b il is a t io n  of PAN has been 
the sub ject of major research  programmes. I t  has no t been the 
in te n tio n  to  review a l l  the information reported  fo r the reac tio n .
The various mechanisms reported in  the l i te ra tu r e  have been 
summarised to  h ig h lig h t the complexity of the reac tio n . Therefore 
in  the  context of th is  study the ro le  of oxygen has been considered 
in  terms of being an add ition  to  the low temperature s ta b il is a t io n  
atmosphere. Comparing the proposed s tru c tu re s  with the model s tru c tu re  
produced in  an in e r t  atmosphere, oxygen appears to  catalyse  arom atis- 
a tio n  of the cyclised  sequences and re a c t with the polymer chain. 
Therefore the f in a l  s tru c tu re  is  a mixture of cyclised  and aromatised 
sequences w ith various oxygen containing groups attached to  the 
polymer backbone, which promote the subsequent crosslink ing  reac tio n  
to  produce a dense f in a l  s tru c tu re  a f te r  carbonisation .
Preoxidising the precursor f ib re s  in  a v a rie ty  of oxid ising  
atmospheres has a lso  been reported to  improve the u ltim ate  carbon
f ib re  p ro p e rtie s . Examples of such reactions include using atmospheres
('78') {'79')
o f n i t r i c  oxidev m ixtures of hydrogen chloride and oxygen,
hydrogen sulphide or sulphur d ioxide, p rio r  to  carbonisation  in
an in e r t  atmosphere.
F in a lly , add itives can be introduced in to  the carbonising
('8D
atmosphere. Shindo1 J observed a marked increase in  the te n s ile  
s treng th  of carbon f ib re s  carbonised in  the presence of hydrogen 
chloride vapour.
2 .5 .4  A dditives in  bulk or fib rous PAN
(29)Grassie e t  a l - have suggested th a t a v a rie ty  of compounds 
can acce lera te  the c y c lisa tio n  reac tio n . Their conclusion was drawn
from observing the co lo ra tion  and exothermic behaviour of PAN in  
the  presence of a d d itiv es . The co lo ra tion  of n i t r i l e  containing > 
polymers i s  known to  be accelera ted  by carboxylic acids, phenols 
and inorganic bases. Amides, amines, ketones and alcohols were 
found to  be s l ig h tly  le ss  e ffe c tiv e . G ra s s ie ^ ^  l i s t s  a se r ie s  of 
such add itives which successfu lly  coloured PAN, and broadened the 
c h a ra c te r is tic  exotherm, which was in i t ia te d  a t  a lower tem perature.
The carbon y ie ld s  o f the products were su b s ta n tia lly  increased , 
from 28% fo r the  homopolymer to  40-501 in  the presence of a d d itiv es .
As discussed in  sec tion  2 .5 .2  itaco n ic  acid is  a comonomer in  
the  production of commercial carbon f ib re  p recurso r. The acid  
groups have been shown to  in i t i a t e  the cy c lisa tio n  reac tio n .
f34 351Figure (15.1) shows the in i t ia t io n  mechanism proposed by G rassie , * J 
where the po lar hydroxyl groups were thought to  p o la rise  the adjacent 
n i t r i l e  group forming an imine anion, which subsequently in i t ia te d  
the c y c lisa tio n  polym erisation. Therefore the in i t ia t io n  mechanism 
fo r both carboxylic acids and phenols is  the conventional reac tio n  
between acids and n i t r i l e s .^ * ^
The reac tio n  c h a ra c te r is tic s  of strong inorganic bases has a lso  
been the sub ject of much research . There appears to  be some dispute 
in  the l i te r a tu r e  as to  th e ir  p rec ise  e ffe c t:  both c y c lisa tio n  and
chain sc iss io n  have been reported . G rassie ’s mecahanism, shown in  
Figure (15.11), favours the former. S im ilarly , D a n n e r c o n c l u d e d  
th a t cy c lisa tio n  occurred when so lu tions of PAN were tre a te d  w ith 
small q u an titie s  of potassium hydroxide (KOH). He observed a s l ig h t  
co lo ra tion , throught yellow to  orange. Infrared  stud ies showed th a t 
the n i t r i l e  peak v ir tu a lly  disappeared, while peaks developed a t
-1 - i
3400 cm and 1640 cm . I t  was concluded th a t cyclised  sequences 
were of minimum length to produce a coloured product. The k in e tic
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Figure (16) A mechanism proposed fo r  the re ac tio n  of PAN
w ith a base, re su lt in g  in  chain s c is s io n . (8*0
chain length  of the  reac tio n  was lim ited  by the number of groups in  
a sequence. A urich^^how ever concluded th a t competition between ; 
c y c lisa tio n  and chain sc iss io n  occurred. Their mechanism suggests 
th a t i f  the reac tio n  was ca rried  out in  a i r ,  autoxidation of the 
a-carbon re s u l ts  (Figure (16  ) ) .  Zahn and Schafer and Schurz
(86 gy ^
e t  a r  9 J a lso  favour the chain sc iss io n  mechanism, which is  a lso
demonstrated in  Figure ( 1 6  J . However d ire c t evidence fo r
c y c lisa tio n  in i t ia te d  by strong inorganic bases has been presented
by Takata and H i r o i ^ ^ ,  who examined the UV spectra  of model
compounds. Therefore there  is  strong evidence fo r c y c lisa tio n
in i t ia te d  by strong inorganic bases, however, i t  is  fe a s ib le  th a t
under rigorous conditions chain fragm entation could a lso  r e s u l t .
Many o ther compounds have a lso  been reported  to  in i t i a t e
c y c lisa tio n  of PAN. Lewis acids were shown to  both i n i t i a t e  and
acce le ra te  c y c lisa tio n . Examples include boron f lu o rid e , stannous
ch lo ride , f e r r i c  chloride aluminium ch lo ride , sulphur tr io x id e ,
indium d ic h lo r id e ^ ^ , stannic  c h l o r i d e , ^  ^  titan ium  te tra c h lo rid e ,
plumbic chloride, stann ic  bromide, (88,92) conip iex between
(93')
ethylene diamine and copper n i t r a t e .  ^ J Most experiments have been
ca rr ied  out using doped so lid s . In co n tra s t, Gump and Stuetz
immersed f ib re s  in  so lu tions of Lewis acids and th e ir  complexes, a t
tem peratures between 433-573 K. S u ffic ien t cy c lisa tio n  occurred to  enable
therm ally s ta b il is e d  f ib e rs  to  w ithstand d ire c t  carbonisation .
Organotin compounds reported ly  in i t i a t e  c y c lisa tio n  in  a s im ila r 
(94 951)
manner to Lewis ac id s. ’ J Figure (17) shows the proposed
in i t i a t io n  mecahnism which is  s im ila r to  the trim erisa tio n  of
(96~) (95 97")
isocyanates.  ^ J Bloodworth e t alV ’ } has shown th a t organotin
compounds add to  n i t r i l e  groups with adjacent e lec tron  with drawing
su b s ti tu e n ts .
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F ig u re  (1 7 ) A mechanism proposed fo r  the c y c lisa tio n  of PAN by 
organotin compounds (94,95).
Inorganic cyanides have also been studied as initiators for
the c y c lisa tio n  reac tio n . Lockheed 9 P o tte r  and Scott 
(291and G rassie  ^ J used sodium cyanide to  in i t i a t e  the  secondary 
polym erisation of n i t r i l e s .  Figure (18) shows the proposed 
mechanism, ind ica ting  i t s  nucleoph ilic  na tu re . P o tte r  and S c o tt 's  
propagation reac tio n  includes p a r t ia l  arom atisation, although th e ir  
experimental conditions were more severe than those of th is  study 
(420 K fo r  12 h r s ) , and i t  i s  no t e n tire ly  c lea r whether th e ir  
in v es tig a tio n  was ca rried  out using bulk PAN, or in  so lu tio n . They 
discovered th a t polymers produced in  th is  way were extremely oxygen 
se n s itiv e . By investiga ting  model compounds they concluded th a t the 
a-hydrogen ab strac tio n  is  an important s tep . The oxygen s e n s i t iv i ty  
was observed both when oxygen was presen t in  the reaction  medium, 
or i f  the product was exposed to  the atmosphere a f te r  iso la tio n .
The f in a l  s tru c tu re  was a fu lly  arom atic, or 4-pyridane species, 
but th a t  u ltim ate ly  the s tru c tu re  is  a mixture of 1.4-dihydropyridines 
and 4-pyridones. Figure (19) shows th e ir  couplete proposed reac tio n .
Much of the work so fa r  discussed has been carried  out using 
bulk PAN. Improved carbon f ib re s  have a lso  been produced from
a c ry lic  f ib re s  swollen in  aqueous so lu tions containing iro n , n ick e l,
f991z in c ,aluminium and/or magnesium io n s.  ^ J Oxidised f ib re s  have been 
tre a te d  w ith potassium permanganate, potassium dichromate and/or 
inorganic acids such as sulphuric acid , p rio r  to carbon isa tion . 
S im ilarly  recen t w o r k ^ ^  has suggested th a t thermal oxidation can 
be d ra s t ic a l ly  shortened or replaced a ltoge ther by heterogeneously 
c a ta ly t ic a l ly  polymerising the n i t r i l e  groups of p a r t ia l ly  swollen 
PAN using an organom etallic c a ta ly s t . The reac tio n  was repo rted ly  
f a s t ,  and propagation was re f le c te d  by colour development as the 
length of the  conjugated imine s tru c tu re  increased. The major
F ig u re  (1 8 ) A m echanism  p ro p o se d  f o r  th e  i n i t i a t i o n  o f  
c y c l i s a t i o n  o f  PAN by c y a n id e  i o n s .  (29 )
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F ig u re  (1 9 ) A co m p le te  schem e p ro p o se d  f o r  th e  c y c l i s a t i o n  
o f  PAN w ith  c y a n id e  io n s .  (72 )
advantages o f th is  technique are
(a) commercial a c ry lic  f ib re  can be used ra th e r  than 
a rap id  o x id ise r, e sp ec ia lly  developed fo r carbon 
f ib re  form ation,
(b) sh o rte r  process a t  lower tenperature can be used, 
thus saving energy,
(c) minor accompanying weight losses observed,
(d) tensioning  of the f ib re s  i s  le s s  important as lower T 
(close to  Tg) is  used, although th is  l a t t e r  po in t 
seems un like ly .
In summary  ^add itive  in i t ia te d  cy c lisa tio n  has the advantage th a t 
the time consuming preoxidation time and the exotherm can be reduced. 
There i s  a lso  the p o s s ib i l i ty  6f  producing more uniform carbon 
f ib re s ,  w ithout the generally  observed core s tru c tu re . Additive 
concentrations need to  be con tro lled  to  allow the co rrec t ex tent of
cy c lisa tio n . I t  has been shown th a t preoxidation times as sho rt as
(57)
15 mins. can produce su itab ly  s ta b il is e d  p recu rso r, although the 
length of cyclised  sequences is  r e la tiv e ly  sh o rt. This study w ill 
show th a t cyclised  sequences can a lso  be introduced by catalysed  
c y c lisa tio n . Grassie concluded th a t pyro lysis of add itive  tre a te d  
PAN would be no su b s titu te  fo r preoxidation , since the l a t t e r  seems 
to  be e sse n tia l to  prevent fragm entation. He did however observe 
th a t  improved carbon y ie ld s  were apparent on carbonisation , when 
add itives had been employed. This area requ ires fu rth e r  work, since 
good carbon f ib re s  have apparently  been produced w ithout the p re ­
oxidation s ta g e . ^ 9
CHAPTER 3 DEVELOPMENT OF THIS STUDY
The preceeding l i te ra tu re  survey has shown th a t pyro lysis of 
PAN in  an in e r t  atmosphere presen ts a sim ple, w ell e stab lished  
cy c lisa tio n  model. However the in troduction  of chemical species 
in to  the reac tio n  environment complicates th is  simple rea c tio n .
I t  has a lso  been shown th a t the add itives can induce cy c lisa tio n  
a t much lower tem peratures, than in  the thermal reac tio n .
The major in te re s t  in  th is  th e s is  was to  in v estig a te  -the reac tio n  
of PAN with add itives under c lo sely  con tro lled  experimental conditions. 
The l i te r a tu r e  had ind icated  th a t previous work in  th is  area had been 
ca rried  out under a v a rie ty  of experimental conditions, which made 
comparisons d i f f i c u l t .
The f i r s t  aim of th is  study was to  q u a lita tiv e ly  confirm the 
e ffe c t  of various add itives on the co lo ra tion  of PAN so lu tio n s .
Having estab lished  the co lo ra tion  reac tio n , a sp e c if ic  add itive  was 
chosen fo r an extensive study in  order to  determine the p rec ise  
nature of a chemically in i t ia te d  c y c lisa tio n  reac tio n . The s tru c tu re s  
produced by the reac tio n  were q u a lita tiv e ly  analyzed using a v a rie ty  
of spectroscopic techniques. A combination of sp e c tra l evidence was 
required  since i t  was decided th a t evidence based on one technique 
alone could be ambiguous. This was the case p a r t ic u la r ly  in  the case 
of in fra red  spectroscopy. The l i te ra tu r e  ind icated  th a t  many workers 
have used th is  technique to  study the thermal c y c lisa tio n  rea c tio n . 
However the evidence has shown th a t unsatu rated , conjugated species 
develop as the reac tio n  proceeds, and i t  is  d i f f ic u l t  to  d is tin g u ish  
between groups such as (C=C), (C=N) and (C=0), which may be produced 
by the thermal reac tio n , depending upon the experimental cond itions.
For th is  reason a combination of in fra red  and u l tr a v io le t  absorption 
spectroscopy, H’-n u c lea r magnetic resonance, and gel permeation
chromatography were used to  provide conclusive s tru c tu ra l 
evidence.
A reac tio n  technique was developed, so th a t the reac tion  
could be followed using a sampling method under c a re fu lly  con tro lled  
experimental conditions. Low molecular weight PAN was produced to  
minimise s tru c tu ra l  abnorm alities which could influence the 
c y c lisa tio n  reac tio n . A ll reactions were ca rried  out under vacuum
or where an atmosphere was necessary in  an in e r t  atmosphere of argon.
A well charac terised  areionic in i t i a to r  was used to  study the influence 
of a c a ta ly s t on the c y c lisa tio n  reac tio n . Specimens were therefo re  
produced under a v a rie ty  of experimental conditions, to  determine the 
e ffe c t of in i t i a to r  concentration, polymer concentration , reac tion  
temperature and reac tio n  environment on the cy c lisa tio n  reac tio n .
Having estab lished  the q u a lita tiv e  e ffe c t of ad d itiv es , the 
reac tio n  was quan tified  by determining the number of n i t r i l e  groups 
which had reacted  as a function of experimental condition . A ca lcu la ­
tio n  of the average length of cyclised  sequences could then be made,
A re la tio n sh ip  between the ex tent of reac tio n  of the n i t r i l e  groups
and the re s id u a l enthalpy re su ltin g  from heating the p a r t ia l ly  cyclised  
product could be estab lished .
The re s u lts  produced enabled a reac tio n  mechanism to  be proposed, 
and subsequently a k in e tic  model was applied to  the reac tio n .
I t  was of in te re s t  to  discover whether the chemical c y c lisa tio n  
reaction  could be used as a su b s titu te  fo r the low temperature 
oxidation reac tio n  in  the production of carbon f ib r e s . I f  the chemical 
reaction  could introduce su ff ic ie n t cy c lisa tio n  to  therm ally 
s ta b i l i s e  PAN, a t a r e la tiv e ly  low tem perature, then d ire c t  carbonisa­
tio n  to  produce carbon f ib re s  would improve the economics o f th e ir  
production.
CHAPTER 4 EXPERIMENTAL PROCEDURES
4.1 In troduction
P o ly a c iy lo n itr ile  (PAN) was produced in  the laboratory  to  ensure th a t 
a w ell ch arac te rised  polymer was used. Since a low m olecular weight polymer 
was su ited  to  th is  study, a c ry lo n itr i le  was polymerised in  toluene so lu tion  
in  which a sm all degree o f tra n s fe r  occurs. The polym erisation was only 
allowed to  continue to  251 conversion to  reduce the incidence o f side  reactio: 
which could lead  to  s tru c tu ra l  im purities.
An i n i t i a l  s e r ie s  o f experiments was carried  out to  determine the e ffe c t 
o f various add itives on the co lo ra tion  o f PAN in  N,N'-dimethylfonnamide 
so lu tio n . Once the co lo ra tion  reac tio n  had been estab lish ed , the e f fe c t  o f 
a p a r t ic u la r  add itive  was in vestiga ted . A sampling technique was developed 
to  study the reac tio n  a t  interm ediate s tages. The products were examined 
using a v a rie ty  o f so lid  s ta te  and so lu tion  techniques. Q u a lita tiv e  and 
q u an tita tiv e  analyses were made and a reac tion  mechanism was e s tab lish ed .
4.2 Reagants used
(a) A c ry lo n itr ile  (AN) (BDH Chemicals L td .)
The in h ib ito r  was removed by storage over s i l i c a  gel in  an argon 
atmosphere. P rio r  to use, AN was fre sh ly  d i s t i l l e d  w ith an argon purge 
using the continuous d i s t i l l a t io n  apparatus shown in  Figure (2Q) •
(b) Toluene (Fisons L td .)
Toluene was fresh ly  d i s t i l l e d  before use , the f ra c tio n a l 
d i s t i l l a t e  w ith b .p . o f 383 K was co llec ted . ....
(c) ot-azo b is - iso b u ty ro n itr i le  (BDH Chemicals L td .)
This was used without fu rth e r  p u r if ic a tio n .
(d) N,N1 -dimethlyformamide (DMF) (Fisons L td .)
IMF was f ra c tio n a lly  d i s t i l l e d  through a 60 cm Vigreux column 
w ith a re f lu x  r a t io  o f 10:1. Generous head and t a i l  frac tio n s  were d iscarded.
F ig u r e  (2 0 ) The a p p a ra tu s  u se d  f o r  th e  c o n tin u o u s  
d i s t i l l a t i o n  o f  a c r y l o n i t r i l e .
Solvent w ith b .p . o f 424 K was co llec ted . Figure (21) shows the apparatus 
used to  s to re  the EMF under vacuum. The solvent was tran s fe rred  to  fla sk  
(A), which contained molecular sieves (Linde 3A BDH L td .) ,  fresh ly  baked 
out to  a vacuum o f le ss  than 10 ^ to r r ,  by heating  a t  570 K fo r  two days
and cooled before reducing the vacuum w ith argoh. The re se rv o ir  was closed
w ith a mercury sea l (B), and the EMF. degassed and refluxed fo r  severa l hours 
p r io r  to  use . The so lvent was dosed by d i s t i l l a t io n  in to  a v e r t ic a l  
b u re tte  (C), and tran s fe rred  to  an evacuated- reaction  vesse l (D), by
grav ity  through a "Rotaflo" tap (E).
(e) n-B utyllith ium  (n-BuLi) Koch-Light L aboratories)
The n-BuLi was used without fu rth e r  p u r if ic a tio n . The so lu tio n  
(151 w/w in  hexane) was sto red  under n itrogen  and dispensed using a 
syringe through a rubber septum.
(f) Methanol (BDH Chemicals L td .)
This was used w ithout fu r th e r  p u rif ic a tio n .
(g) Ethyl iodide (BDH Chemicals L td .)
This was used w ithout fu rth e r  p u r if ic a tio n .
(h) Dimethlysulphoxide (DMSO) (BDH Chemicals L td .)
DMSO was used-wi-thout fu rth e r  p u r if ic a tio n .
4.3 Polym erisation of AN
A v a rie ty  of techniques have been used fo r the polym erisation o f AN, 
including bulk , emulsion and suspension methods. I n i t i a l l y  bulk 
polym erisation o f AN to  about 101 conversion was attem pted, using AIBN 
as a free  ra d ic a l in i t i a to r .  The exotherm icity o f the reac tio n  was 
d i f f ic u l t  to  con tro l and a product o f high molecular weight was produced.
For th is  reason so lu tio n  polym erisation in  toluene, which i s  a tra n s fe r  
agent (Cs =2.63-5.83x 10^ a t 333 T C ) ^ ^ ’ Iras employed, allowing more 
contro l over the polym erisation.
F ig u re  ( 2 1 ) The a p p a ra tu s  u sed  f o r  th e  d i s t i l l a t i o n  o f  
d im e th y lfo rm a m id e .
The polym erisation apparatus consisted  o f a three-necked f la sk ,
equipped w ith a s t i r r e r ,  condenser, thermometer and argon in le t ,  The
3 3f la sk  was charged w ith 200 cm fresh ly  d i s t i l l e d  toluene and 50 cm
d is t i l l e d  AN. The apparatus was purged w ith argon and allowed to
e q u ilib r ia te  a t  343 -1 K.'AIEN (concentration=3.5x10” was added w ith ...
continuous s t i r r in g .  The polymer began p re c ip ita tin g  immediately. The
reac tio n  was h a lted  a f te r  3 h rs . a t  a conversion of approximately 251,
to  lim it s tru c tu ra l  im p u ritie s . The polymer ..was iso la te d  by f i l t r a t i o n ,
washed and freeze -d ried  to  constant weight in  vacuo. The in fra red  sp ec tra
of the various batches were id e n tic a l,  w ith absorptions due to  im purities
absent. The polymer was sto red  under vacuum and dosed under an argon b lanket.
4.4 Molecular weight determ ination
The molecular weight o f PAN was determined by so lu tio n  viscometry
in  an Ubbelhode viscom eter. A so lu tion  of PAN in  fre sh ly  d i s t i l l e d  DMF
(concentration^ 0.076 mol kg"^) was allowed to  stand fo r  24 h rs . to
completely d isso lve and e q u il ib r ia te . Viscometry was c a rried  out a t
298- 0 .2  K. The in tr in s ic  v isc o s ity  [q ] was determined from the in te rce p t
o f the re su ltin g  graph o f ™~o versus concentration , where t Q was the flow
o
time fo r the so lvent and t  was the corresponding time fo r the so lu tio n  a t  
various concentra tions.
The molecul-ar-wei-ght—(M^)-was calculatod-from-the-Mark-Houwink 
equation:
I f ) ]  = k (Mv)3 
where k= 1.66x10"** (dlcj-') 
a= 0.81^104)
A ty p ic a l in t r in s ic  v isc o s ity  value of 0.910 gave an approximate m olecular 
weight o f 40,000.
4.5 The q u a lita tiv e  e ffe c t  o f a d d itiv e s .
The q u a lita tiv e  e f fe c t  o f a wide range of add itives on the
co lo ra tion  o f PAN so lu tions was in vestiga ted . 101 (w/v) so lu tions of 
PAN in  IMF were dissolved and s ta b il is e d  a t  293K and 323K. The add itive  
of known concentration was added and the colour change recorded. The degree 
o f colour was gauged by comparison with an un trea ted  PAN so lu tio n  a t  the 
same tem perature. Table(l) shows a se r ie s  o f add itives investiga ted  in  
th is  manner.
Inorganic bases were found to  be very e ffe c tiv e  colouring agents. 
Concentration con tro l proved d i f f ic u l t  using bases such as sodium hydroxide, 
due to  th e ir  sparing so lu b ili ty  in  IMF.Sodium metal produced a s im ila r , 
more con tro lled  reac tio n , and was used as a colour in i t i a to r  in  the form
of a so lu tio n  in  IMF. Samples were removed a t  various stages o f the
reac tio n , p re c ip ita te d  in  an excess of methanol, thoroughly washed and 
freeze-d ried  to  constant weight in  vacuo. The products were examined 
using so lid  s ta te  and so lu tion  techniques, to  e s ta b lish  th e ir  re s u lta n t 
s t ru c tu re s .
Some usefu l re su lts  were obtained by th is  simple method, however 
a wide s c a t te r  band in  the analyses re su lte d . For th is  - reason the technique 
was su b s ta n tia lly  modified to minimise the sources o f e rro r , p r io r  to  
an in-depth study of the e ffe c t o f a p a r t ic u la r  ad d itiv e .
4»6 The reac tio n  of PAN with n-BuLi.
A modified technique was used to  in v es tig a te  the reac tio n  of PAN 
so lu tions w ith n-BuLi. PAN produced as previously  described (4.3) was 
sto red  under vacuum. Polymer so lu tions,concen tra tion  (c=I.O. mol kg ^ ) , 
were produced by the following method. The storage vessel was removed 
from the vacuum lin e  and l e t  down to  argon. The required weight o f PAN 
was placed in  sec tio n  A o f the reac tion  vesse l shown in  Figure (22)
Organic add itives Inorganic add itives
diethylene diamine alcoholic  potassium hydroxide
g la c ia l a c e tic  acid concentrated hydrochloric acid
m-cresol concentrated su lphuric  acid
n-bu ty llith ium potassium cyanide
oxalic  acid potassium hydroxide
phenol sodium metal
sodium ace ta te sodium hydroxide
sodium benzoate sodium thiocyanate
sodium oxalate stann ic  chloride
succin ic  acid titan ium  te trac h lo rid e
ta r ta r ic  acid zinc chloride
thiourea
urea
T ab le  ( 1 ) A d d i t iv e s  u se d  to  i n v e s t i g a t e  th e  c o lo u r a t i o n  
o f  PAN s o l u t i o n s .
to reaction 
vessel
F ig u re  (2 2 ) The a p p a r a tu s  u se d  f o r  th e  r e a c t i o n  o f  PAN 
s o l u t i o n s  w i th  n-B uL i u n d e r  vacuum .
F ig u r e  ( 2 3 ) ( i n s e t )  The UY a b s o r p t io n  c e l l  f o r  th e  c o n tin u o u s  
m o n ito r in g  o f  r e a c t i n g  s o l u t i o n s  u n d e r  vacuum .
The apparatus was assembled and attached  to  the vacuum lin e  v ia  socket 
(C). The reac tio n  vesse l was evacuated using both ro ta ry  and o i l  d iffu sio n  
pumps. Section (B) was iso la te d  by c losing  f,Rotaflo,f tap  (E). The 
required  volume o f DMF, previously  d i s t i l l e d  under vacuum in to  the b u re tte  
(4 .2 (d )) , was run in to  sec tion  (A) under vacuum v ia  "Rotaflo" tap  (D).
The so lu tio n  was continuously s t i r r e d  w ith a magnetic s t i r r e r  and l e f t  
to  ensure complete d isso lu tio n . Section (B) remained closed, while 
argon was introduced in to  th<T apparatus. "Rotaflo" tap  (D) was closed 
and the apparatus removed from the vacuum l in e . The reac tio n  vesse l was 
tipped and "Rotaflo" tap  (E) opened. The so lu tio n  was f i l t e r e d  in to  sec tio n  
(B) through g lass s in te r  (F ). The reac tio n  was in i t ia te d  by in je c tin g  the 
required  volume o f n-BuLi in to  sec tion  (B) v ia  rubber septum (G). The 
so lu tio n  was mixed vigorously, and th is  po in t was taken as t Q fo r the 
reac tio n . Samples were removed a t  various in te rv a ls  a f te r  in i t i a t io n  using 
a syringe through the rubber septum while bubbling argon across the 
so lu tio n . The samples were p re c ip ita te d  in to  an excess o f methanol.
The products were f i l t e r e d ,  thoroughly washed in  methanol to  remove re s id u a l 
so lvent and freeze-d ried  to  constant weight in  vacuo .A se r ie s  o f reacted  1 
polymers was obtained using various combinations of polymer concentra tion , 
n-BuLi concentration , reac tion  temperature and atmosphere.
The s tru c tu re s  o f the products a t  various stages o f reac tio n  were 
determined using  a n f an a 1 y ti ra 1 .-f.p.rhn -i quas.---------- -------------
4.7 In frared  spectroscopy
In frared  spectroscopy has been widely applied  to  the analysis o f 
PAN, in  the form o f bulk powder, f ib re  and film s. Each ap p lica tio n  has 
i t s  advantages, depending on the inform ation requ ired , The major peaks 
in  the spectrum o f PAN have been w ell charac terised , and was th ere fo re  
used as a standard . S tru c tu ra l changes re su ltin g  from the reac tio n  o f the
polymer w ith n-BuLi were determined by comparing the sp ec tra  obtained 
w ith the standard . The spectra  were c a lib ra ted  using the in te rn a l standard 
technique, to  enable the change in  n i t r i l e  concentration to  be 
calcu la ted .
Powder specimens were examined using the standard potassium bromide 
d isc  method. Discs were produced by grinding together 0 .3  g spectroscopy 
grade potassium bromide w ith 0.003 g dry polymer u n t i l  a fine  d ispersion  
o f polymer was achieved. The potassium bromide was s to red  a t  393 K, 
and was fu r th e r  d ried  a t  433 K immediately p r io r  to  use , to  minimise 
water absorption. The mixture was pressed in  an evacuated d ie  to  produce 
a d isc  diam eter 8 mm, thickness 0 .7  mm,at a pressure o f 155 MPa fo r 
th ree  minutes. The d iscs were examined immediately using a Perkin-Elmer 
457 d if f ra c tio n  g rating  in fra red  spectrom eter w ith scanning range 
4000-250 cm }  Scans were ca rried  out using normal s l i t  mode and medium scan 
speed. The re su ltin g  spectra  were analysed q u a lita tiv e ly  and q u a n tita tiv e ly  
w ith respec t to  experimental conditions.
4.8 U ltrav io le t absorption spectroscopy
The reacted  polymers were examined using u l tr a v io le t  absorption 
spectroscopy, to  e s ta b lish  the presence of chromophoric and/or conjugated 
species. A dynamic analysis technique was i n i t i a l l y  in v es tig a ted , but 
was u ltim ate ly  unsuccessful in  recording sp e c tra l changes under the 
experimental conditions used. A second arm was attached to  the reac tio n  
v esse l, as shown in  Figure (23 ) .  A quartz c e l l  with path length  1.0 mm 
was used. When the so lu tion  had been in i t ia te d  as previously  described 
(4 .6 ), the reac tion  vessel was tipped and the "Rotaflo" tap opened. The 
so lu tio n  was f i l t e r e d  through the glass s in te r  in to  the c e l l  which had 
been previously  evacuated. However, spec tra  were not obtained by th is  method 
due to  the in tense chromophoric nature o f the reacting  s o lu tio n s , desp ite
the sho rt path  length of the quartz c e l l .  The concentration of the 
absorbing species was too g rea t and could not be balanced w ith the 
reference so lv en t.
Therefore spec tra  were obtained from d ilu te  so lu tions of red isso lved  
reacted  polymer. , Spectra were recorded using a Perkin-Elmer 137 U ltra ­
v io le t  Absorption Spectrometer, scanning the UV-visible regions of the 
spectrum (190-750 nm). Stoppered quartz c e lls  w ith path  length 10 mm 
were used. Freshly d i s t i l l e d  IMF was placed in  the reference beam.
4.9 Gel permeation chromatography
GPC was used to  monitor the in te g r ity  of the polymer a f te r  reac tion  
of PAN w ith  a d d itiv es . The molecular weight d is tr ib u tio n  of the homo- 
polymer was recorded and used as a standard. Changes in  s tru c tu re  
re su ltin g  from the reac tio n , including chain sc iss io n  and crosslink ing  
phenomena would be apparent from the change in  molecular weight d i s t r i ­
bu tion .
The reacted  polymer was redisso lved  in  fre sh ly  d i s t i l l e d  DMF (concen­
t ra t io n  = 1.03 mol kg ^ ) . Chromatograms were recorded using a Waters 
A ssociates Instrument equipped w ith a Model R401 D iffe re n tia l R efractom eter.
The reference so lven t, fre sh ly  d i s t i l l e d  IMF, was pumped through the
3 -1apparatus a t a flow ra te  of 1.0 cm min . Three columns f i l l e d  w ith y-
Styragel were used to separate  the polymer so lu tion  according to  the s ize
5 4 7of i t s  co n stitu en t molecules. y -S tyragel w ith pore s izes  10 , 10 and 10^
o 3
A were used to  achieve the required  separation . Solutions (volume = 0 .1  cm ) 
were in jec ted  d ire c tly  on to  the column fo r an a ly sis . E lu tion  volume was 
p lo tte d  as a function  of the quantity  of sample of p a r t ic u la r  "e ffe c tiv e  
s iz e " , observed by d ifferences in  re f ra c tiv e  indices of the co n stitu en ts  
w ith respect to  the reference so lv en t. The system had been prev iously  
c a lib ra ted  using w ell characterised  polystyrene standards of known m olecular 
w eight. The molecular weight a t  any e lu tio n  volume could be c a lcu la ted  w ith
respect to  po lystyrene. Changes in  the molecular weight d is tr ib u tio n  o f the 
reacted  polymers were recorded in  th is  manner.
4.10 H’-Nuclear magnetic resonance spectroscopy.
H'-NMR spectroscopy was employed to  determine the proton d is tr ib u tio n  
in  the polymer a f te r  reac tio n  w ith n-BuLi. The ra t io  o f the  3 :a protons 
was ca lcu la ted  ind ica ting  whether reac tio n  in  the polymer backbone had 
occured
The H’-NMR spectrum of PAN has been w ell charac te rised , and is  contained 
in  the S ta ed tle r  Reference Spectra i This reference spectrum was used to 
ch arac te rise  the spectrum o f PAN used in  the experiment. The technique was 
found to  be suscep tib le  to  im p u ritie s , p a r t ic u la r ly  w ater and incompletely 
deuterated  so lvent ( i . e .  d^ -DMSO im p u ritie s ) .
Treated polymer was dissolved in  deuterodim ethylsulphoxide-d^. H’-NMR 
spectra  were recorded using a Brucker WH-90 Pulsed Fourier Transform 
NMR Spectrometer w ith H’ resonance a t  90 MHz. : ®  ra t io s  were ca lcu la ted  
from the computed in te g ra l step  peak h e ig h ts , and changes in  proton d is t r ib u t i  
were measured with respec t to  the th e o re tic a l value of 2 c a lcu la ted  fo r 
PAN.
The technique was a lso  used to  d e tec t proton containing term inal groups. 
However th e i r  low concentration in  re la tio n  to  the bulk of the polymer’ 
may preclude th e i r  de tec tion .
4.11 Thermal an a ly sis .
4.11.1 D iffe re n tia l scanning calorim etry  (DSC)
Thermal analysis was used to  charac te rise  the reac tio n  o f  PAN 
w ith a d d itiv e s . PAN is  known to  undergo a vigorous exothermic reac tio n  when 
heated to  573 K. Therefore s tru c tu ra l  changes occuring when PAN has been 
reacted  w ith n-BuLi should a l t e r  the c h a ra c te r is tic  exotherm. Monitoring these
changes enabled the  s tru c tu re  produced to  be co rre la ted  with the res id u a l 
enthalpy o f the reacted  polymers.
The temperature d ifference  between the  sample and a reference was 
measured as the tem perature o f the calorim eter was ra ise d . Therefore an 
endothermic change in  s ta te  of the sample would re s u l t  in  the absorption o f 
h e a t, w ithout a commensurate r i s e  in  tem perature, so th a t  the sample tem peratur 
f a l l s  behind th a t  o f the reference. An exothermic reaction  re su lts  in  the 
opposite e f fe c t .  DSC a c tu a lly  measured the heat required to  m aintain the 
sample and the reference a t  the same tem perature, recorded e ith e r  as an 
exo- or endo-therm on heating .
A Dupont 990 Thermal Analyser equipped w ith a DSC c e l l  was used to  record 
the heat o f reac tio n  o f n-BuLi tre a te d  PAN. A few milligrams o f f in e ly  ground 
reacted  polymer was weighed in to  a preweighed aluminium pan. An id e n tic a l pan 
was used as a reference. A programmed heating  cycle was employed, the samples
being heated in  a stream of oxygen-free n itrogen , (unless otherwise s ta ted )
3 - 1  -1w ith a flow ra te  of 50 cm min . The heating ra te  was 20 K min in  the
temperature range 293-673 K. A two-pen chart recorder was used so th a t  both
heating  ra te  and tenperature d ifference  could be p lo tte d . From th is  data  a
value o f res id u a l enthalpy (AH) was ca lcu la ted , since A h is  re la te d  to  the
area enclosed by the curve by the following equation:
AH = -  ( 60EEAq ) m v s
2where A = Peah Area (in  )
m = Mass o f sample (mg)
B = Timebase se ttin g  (min in"*)
E = Cell c a lib ra tio n  c o e ff ic ien t a t  tenperature of experiment
Aqg = Y-axis range (meal sec *in *)
4 .I I . 2 Therroogravimetric analysis (TGA) : :  •
TGA measures the weight change in  a sample during a heating
programme, and in  some cases can be used a t  the  same time as DSC to  obtain
an o v era ll p ic tu re  o£ the thermal s t a b i l i ty  o f a sample.Thermograms were
recorded using a S tanton Redcroft TG750 Thermogravimetric Analyser. A few
milligram s o f f in e ly  ground polymer was weighed in to  a ta red  platinum  pan,
which was suspended on a-very se n s itiv e  balance and lowered in to - a furnace.
3 -1Samples were heated in  oxygen-free n itrogen  a t  a flow r a t e -o f ' 50 cm min. , 
using a heating  ra te  o f 20. K min * in  the tenperature range 293-673 K.
The percentage weight change was recorded as a function of tenperatu re .
4.12 Elemental analysis
Elemental analysis was used to  monitor changes in  the re la tiv e  
proportions o f elemental constituen ts as the reac tio n  o f PAN w ith n-BuLi 
proceeded. R epresentative sample from each se r ie s  o f reactions was examined.
I t  i s  generally  d i f f ic u l t  to  ca lcu la te  d ire c tly  the four elements (C,H,N,0), 
required fo r  analysis using most elemental analysis techniques. Three 
elements can read ily  be found, the fourth  i s  ca lcu la ted  by d iffe ren ce .
For th is  reason two techniques, were used. M icroanalyticaL elemental analysis 
calcu lated  the oxygen content by d iffe ren ce , while X-ray photoelectron  
spectroscopy ca lcu la ted  the hydrogen content in  th is  manner. The l a t t e r  
technique was a lso  used to  monitor s tru c tu ra l changes as the reac tio n  of 
PAN w ith n-BuLi proceeded.
4.12.1 M icroanalytical elemental analysis
M icroanalytical elemental analysis was ca rried  out using a 
Perkin-Elmer 420 Elemental Analyser. Analyses were obtained from f in e ly  ground 
reacted  polymers. Carbon, hydrogen and n itrogen  were calcu lated  d ire c tly ,  
while the oxygen percentage was found by d ifference .
4.12.2 X-ray photoelectron spectroscopy
Samples o f f in e ly  ground reacted  polymers were pressed onto small
rec tang les o f indium, which were mounted on to  a specimen holder using
double-sided S e llo tape . The sample holder was loaded in to  the specimen
- 8chamber which was then evacuated to  a vacuum b e tte r  than 10 to r r .  Specimens 
were ir ra d ia te d  using Mg  ^ rad ia tio n  ( 0.7eV), with analyser energy 
50eV. Spectra were obtained fo r the binding energy region 0-1000 eV on a 
narrow scan. Areas o f p a r t ic u la r  in te r e s t  were examined more c losely  using 
a wide scan (ty p ic a lly  30eV). Spectra o f binding energy versus counts were 
obtained fo r each sample. Values o f peak height were corrected  according to  
th e i r  s e n s i t iv i ty  fa c to rs , and a lso  fo r an oxygen impurity fac to r  which was 
apparent from the spectrum of the indium. Values o f the percentages o f 
carbon, n itrogen  and oxygen were calcu lated  d ire c tly , while the hydrogen 
was found by d iffe rence .
CHAPTER 5/ RESULTS -:■ i :
5.1 In troduction
A review o f the l i t e r a tu r e  ind ica ted  th a t the s tru c tu re  o f PAN could 
be transformed by chemical a d d itiv es . A so lu tio n  chemistry technique was 
used to  incorporate  the add itive  in to  the polymer. The i n i t i a l  experim ents- 
involved a q u a lita tiv e  study o f the e ffe c t o f a wide range o f  ad d itiv es , 
as a function  o f the co lo ra tion  o f PAN in  so lu tio n . Many add itives produced 
coloured so lu tio n s , so a  d e ta ile d  study o f the e ffe c t o f a p a r t ic u la r  
add itive  was made. Spectroscopic and thermal analysis, techniques were used 
to  ch arac te rise  the reac tio n . Both q u a lita tiv e  and q u a n tita tiv e  analyses 
were made in  order to  e s ta b lish  a reaction  mechanism.
The reac tio n  of PAN w ith sodium metal was c u rso rily  in v estig a ted , but 
was complicated by possib le  side  reactions and i t s  sparing s o lu b il i ty  in  
the so lven t. Therefore the p rec ise  reac tion  mechanism was d i f f ic u l t  to  
e s ta b lish . For th is  reason a technique was developed to  in i t i a t e  the reac tio n  
with n-BuLi.
5.2 Q ua lita tive  e ffe c ts  o f add itives on PAN so lu tions
Freshly dissolved so lu tions o f homopolymer in  DMF were tran sparen t 
and v ir tu a lly  co lo u rle ss . Table ( 2 ) shows a se r ie s  o f add itives examined 
as co lo ra tion  in i t i a to r s  fo r  PAN in  so lu tio n . Concentrations have not been 
quoted because d if fe re n t s o lu b i l i t ie s  o f the various a d d itiv e s , in  IMF, 
made exact values d i f f ic u l t  to  ca lcu la te . 101 (w/ y) PAN so lu tions in  IMF 
were examined a t  the s ta te d  tem peratures. The colours formed were gauged 
by comparison with an un trea ted  PAN so lu tio n  a t the same tem perature. The 
tab le  ind icates th a t  a wide range of compounds, both acids and a lk a l is ,  
colour PAN so lu tions to  a g rea te r o r le s se r  ex ten t. The v a rie ty  o f colours 
produced suggested th a t  there  was not a unique co lo ra tion  mechanism operating . 
The complexity o f the q u a lita tiv e  reac tion  observed, led  to  the development
Additive Temperature
00
E ffec t observed
alcoho lic  potassium 
hyroxide
293 dark orange-brown gel
diethylene diamine 293 yellow gel
g la c ia l  a c e tic  acid 293 brown gel
hydrochloric acid 293 white gel
m-cresol 323 l i t t l e  e ffe c t
n -bu ty llith ium 293 rap id  through yellow to  red
oxalic  acid 323 pale  yellow
phenol 293 yellow-brown
s i lv e r  n itra te +  
sodium hydroxide
323 black tre a c le - l ik e  liq u id
sodium hydroxide r293.
l323j
rap id  through yellow to  red 
u ltim ate  gela tion
sodium thiocyanate 293 pale orange
sodium metal 293 yellow through to  red
succin ic  acid 293 white-yellow gel
su lphuric  acid 293 l i t t l e  e ffe c t
stann ic  chloride 323 pale  yellow
titan ium  te tra c h lo rid e 293 l i t t l e  e ffe c t
th iourea 293 orange-brown gel
urea 293 orange
zinc chloride r293s
l323;
yellow; darker a t  325 K
T ab le  ( 2 ) The o b se rv e d  e f f e c t  o f  some a d d i t i v e s  on th e  
c o lo u r a t i o n  o f  PAN s o l u t i o n s .
o f a technique to  study more c lose ly  the p a r t ic u la r  reac tion  o f one or two 
a d d itiv e s .
Deep colours were produced when so lu tions were tre a te d  with strong bases. 
Rapid co lo ra tion  through' yellow', orange to  deep ~red^was“Tecorded ±n~ a m atter 
of a few m inutes, w ith  ge la tio n  occuring a t  long tim es. An add itive  was 
required  which produced a vigorous colour change while the ra te  o f co lo ra tion  
had to  be s u f f ic ie n tly  slow to  enable the reac tio n  to  be followed. Sodium 
and potassium hydroxides were su itab le  in  th is  respect but th e ir  sparing 
s o lu b ili ty  in  the so lvent made the reaction  d i f f ic u l t  to  con tro l. M etallic  
sodium had a s im ila r e f fe c t  and was more soluble in  DMF, and i t s  reac tion  
with PAN so lu tions was more thoroughly in v estig a ted .
5.3 The e f fe c t  o f sodium so lu tion  in  IMF on dissolved PAN
5.3 .1  In troduction
The so lu tions of PAN in  DMF were prepared and reacted  w ith so lu tions 
of sodium in  DMF as previously  described (4. 5) . The re su lta n t p re c ip ita te d  
polymer ranged in  colour from pale  yellow to  deep red, as a function  of 
reac tio n  time.
The products were examined using in fra red  and u l tr a v io le t  absorption 
spectroscopy, gel permeation chromatography and thermal analysis to  
e s ta b lish  the reac tio n .
5.3 .2  The in fra red  spectrum o f the product
Major sp e c tra l changes were observed a f te r  very sho rt reac tio n  tim es. 
A broad band developed in  the region 3700-3100 cm \  a shoulder became 
v is ib le  on the n i t r i l e  s tre tch in g  band (2400 cm”^ ) , and-peaks appeared a t  
1660, 1225 and 1180 cm \  compared w ith the spectrum o f the homopolymer.
From the sp e c tra l changes i t  was concluded th a t the c h a ra c te r is t ic  n i t r i l e  
absorption had changed in  some way, while absorptions in  the double bond 
region of the spectrum had also  appeared, although th is  area was poorly
resolved. No sp ec tra  are presented in  th is  sec tio n  because o f the poor 
re so lu tio n . Refinement o f the technique produced the b e t te r  sp ec tra  presented 
in  sec tio n  5 A3 . S im ilarly  peak assignments w il l  be correspondingly 
discussed. ^
5 .3 .3  The u l tr a v io le t  absorption spectrum o f the product
UV sp ec tra  were obtained from products a t  in term ediate stages of 
the reac tio n . Figure (24) shows a se r ie s  o f spectra  a t  various times a f te r  
in i t ia t io n  w ith the sodium so lu tio n . The spectrum o f the homopolymer 
showed a small peak ( Amax=275 nm). At wavelengths sh o rte r than 270 nm 
the spectrum was obscured by the c u t-o ff  po in t o f the so lven t. A fter treatm ent 
with a so lu tio n  of sodium, the spectrum broadened towards the v is ib le  region 
a peak maximum being observed a t  ^ max=210 nm. The peak gradually  sh if te d  to  
longer wavelengths as the reaction  proceeded. A fter approximately 1.5 hrs
3
(5.4x10 s) a second maximum appeared a t  about 350 nm, whose magnitude 
increased w ith tim e. Figure (25) shows a p lo t o f absorbance a t  310 nm as a 
function of reac tio n  tim e, compared w ith s im ila r re s u lts  obtained fo r 
potassium hydroxide and zinc ch lo ride . The curve fo r sodium tre a te d  polymers 
increased during the f i r s t  hour but tended towards an asymptote a t  longer 
tim es. The reac tio n  with potassium hydroxide produced a s im ila r tren d , although 
the i n i t i a l  increase was not so rap id . In c o n tra s t, the reac tio n  w ith zinc 
chloride re su lte d  in  a la rg e r magnitude of absorbance a t  sh o rte r tim es, only 
increasing  s l ig h t ly  w ith tim e. This could be explained by complex formation 
in  the l a t t e r  case ra th e r  than oligom erisation o f the n i t r i l e  groups.
These re s u lts  ind icated  the presence of chromophoric species in  the 
reac tio n  product. The observed increase in  the in te n s ity  o f the absorbance 
was in d ica tiv e  of an increasing  number o f absorbing species as the reac tio n  
proceeded. Therefore, since the wavelength of maximum absorbance was sh if te d  
towards the v is ib le  region o f the spectrum, an increasing ly  conjugated system 
was being developed.
JD
^  ^ Wavelength (nm)
F ig u re  (2  A) The UY a b s o r p t io n  s p e c t r a  f o r  PAN s o l u t i o n s  
r e a c t e d  w ith  sodium/DMF s o l u t i o n s , ( 1 )  t= 0  
( 2 ) t =2700 s .  ( 3) t =12600 s .
Na/DMF
KOH/DMF
a>uc
o
o
l/V
£>
<
F ig u r e  (2 5 ) Maximum UV a b s o r p t io n  a s  a  f u n c t io n  o f  tim e  f o r  th e  
r e a c t i o n  o f  PAN s o l u t i o n s  w ith  v a r io u s  a d d i t i v e s .
5.3 .4  The gel permeation chromatography analysis o f the product 
Analysis o f the  tre a te d  polymers was ca rried  to  e s ta b lish  whether
the reac tio n  w ith a  so lu tio n  of sodium re su lte d  in  a change in  molecular 
weight d is tr ib u tio n  w ith  respec t to  the unreacted polymer. Figure (26): 
shows a se r ie s  o f chromatograms obtained as a function o f reac tio n  tim e.
A Gaussian shaped peak centred around an e lu tio n  volume o f 23 cm was obtained 
fo r  the homopolymer, which corresponded to  a molecular weight o f  180,000 
w ith respec t to  polystyrene. A small shoulder was apparent a t  lower e lu tio n  
volumes, in d ica tin g  the presence o f a small amount o f a higher molecular 
weight co n stitu en t. A Gaussian shaped -peak is  in d ica tiv e  o f a f a i r ly  uniform 
d is tr ib u tio n  o f molecular w eights. The peak a t  the low molecular weight 
end of the spectrum was a ttr ib u te d  to  an impurity in  the so lven t. Small 
q u a n titie s  o f im purities with large  d ifferences in  re f ra c tiv e  index compared 
w ith the reference so lvent w ill  be recorded as a re la tiv e ly  large  peak. In 
th is  case the molecular weight was approximately 20 w ith respec t to  polystyrene 
and was probably due to  dissolved w ater.
As the reaction  time increased, the peak broadened towards sm aller
e lu tio n  volumes, i . e .  to  la rger molecular weights w ith respec t to  polystyrene./
Two or more overlapping peaks developed. The re s u lts  suggested th a t  the 
reac tion  o f PAN w ith so lu tions of sodium produced a polymer w ith a la rg e r 
e ffe c tiv e  s ize  than the homopolymer.
5 .3 .5  The thermal analysis of the product
The c y c lisa tio n  of n i t r i l e  groups has been charac terised  by a V 
vigorous exothermic reac tion  on heating . DSC was used to  monitor the res id u a l 
enthalpy produced when the reac tio n  products were heated. Figure (27) 
shows a se r ie s  o f DSC traces obtained as a function o f react ion time w ith
so lu tions of sodium. There was an i n i t i a l  large decrease in  the area enclosed
by the exotherm, although a quan tified  change in  res id u a l enthalpy was 
d i f f ic u l t  to  c a lcu la te . However the technique was re fin ed  and in  a l a t e r
^  ^ S u tion  volume ( cm;)
F ig u re  ( 2 6 ) G el p e rm e a tio n  ch rom atogram s f o r  PAN s o l u t i o n s  
r e a c t e d  w ith  sodium/DM F,( 1 )  t= 0 , (2 ) t= 900  s .  
( 3) t =2700 s .,(*0  t =12600 s .
( l ) t =900 s . , ( 2 ) t =2700 s . , ( 3 ) t = l 2600 s .  
(sam p le  s i z e  2-5 mg«)
sec tio n  the re la tio n sh ip  between the n i t r i l e  concentration and the residual 
enthalpy was c le a r ly  demonstrated.
5.3.6 Summary
The sp e c tra l changes reported  have demonstrated th a t s tru c tu ra l 
changes were apparent when PAN was tre a te d  with so lu tions o f sodium. A 
decrease in  n i t r i l e  concentration was the main inference from the in fra red  
sp ec tra . The u l tr a v io le t  absorption sp ec tra  ind icated  the development o f a 
conjugated system, charac terised  by a s h i f t  in  absorbance to  longer 
wavelengths. Coincidently the chromatograms recorded the 'p roduction  o f _ •. 
species w ith la rg e r  e ffe c tiv e  s iz e  (or h igher molecular w eight), compared 
w ith the homopolymer. These observations, coupled with the decrease in  
re s id u a l enthalpy, led  to  the conclusion th a t the n i t r i l e  groups had 
reacted . Since more than one n i t r i l e  group was consumed per sodium io n7 
an o ligom erisation process was in fe rred , producing a chromophoric, conjugated 
polymer.
A reac tio n  mechanism was requ ired  to  explain  these observations. The 
evidence suggested th a t  the secondary polym erisation o f the pendant n i t r i l e  
groups, as proposed fo r the thermal s ta b i l is a t io n  reac tion  in  PAN, was the most 
probable explanation. However e luc ida tion  o f the mechanism o f the reaction  
w ith sodium so lu tions was complicated by a number of fa c to rs . The reaction  
product o f sodium on d isso lu tio n  in  IMF was not w ell defined, so th a t  iso la tio n  
of the probable in i t i a to r  complex was d i f f ic u l t .  Also the sparing so lu b ili ty  
o f sodium metal in  DMF made the in i t ia t io n  so lu tions d i f f ic u l t  to  standard ise . 
Therefore no attem pt was made to  examine th is  reac tio n  in  more d e ta i l  and 
consequently a mechanism is  not given.
At th is  stage o f the work m odification o f the various techniques was 
made. The examination o f the products in  the so lid  s ta te  depended strong ly  
on specimen p repara tion . The re s u lts  from in fra red  spectroscopy and thermal 
analysis proved to be strong ly  dependent on the p a r t ic le  s ize  o f the  specimens.
Therefore to  achieve co n sis ten t re s u lts  the samples were very c a re fu lly  
ground.
I t  was important to  e s ta b lish  a mechanism fo r the co lo ra tion  reac tio n .
I t  was decided to  in v es tig a te  thoroughly the reac tion  of PAN w ith a w ell 
charac terised  i n i t i a t o r .  A number, o f modifications were made to  the reac tio n  
technique to  ensure rep ro d u c ib ility  o f the r e s u l ts .  The so lven t was p u rif ie d  
as described (4 .2 .d ) , s to red  over baked-out molecular sieves, and fre sh ly  .. 
d i s t i l l e d  in  vacuo p r io r  to  use . A ll reactions were c a rried  out e ith e r  
in  vacuo, or where necessary in  an atmosphere o f argon. In th is  way im purities 
which could be p resen t in  the polymer, so lvent or atmosphere were reduced 
to  a minimum.
n-BuLi was chosen as the i n i t i a to r  fo r a d e ta iled  examination fo r the 
reac tio n  w ith PAN since i t  could be e a s ily  dosed and analysed. The in i t i a to r  
was used in  the form o f a so lu tio n  in  hexane, which i t s e l f  was found to  have 
no e ffe c t on the co lo ra tion  o f PAN so lu tio n s .
5.4 The reac tio n  of PAN so lu tions w ith n-BuLi
5 .4 .1  In troduction
The i n i t i a l  survey o f the e ffe c t o f various add itives ind ica ted  
th a t n-BuLi could in i t i a t e  the co lo ra tion  o f PAN so lu tio n s . A method 
was developed to  sample the reac tio n  a t  in term ediate stag es . These samples 
were analysed by a v a r ie ty .o f  techniques. From th e _changes.observed in  the 
in fra re d  and u l tr a v io le t  spectroscopy, H’-NMR spectroscopy and gel permeation 
chromatography a reac tio n  mechanism has been proposed.
5.4 .2  Coloration o f PAN so lu tions w ith n-BuLi
The co lo ra tion  of PAN so lu tions in  the presence o f n-BuLi was 
reported in  sec tion  (5 .2 ). Using th is  in i t i a to r  the experimental conditions 
could be read ily  ad justed  to  allow the co lo ra tion  to  occur a t  a ra te  which 
could be followed by the sampling procedure . Table ( 3 )  shows a s e r ie s
n-BuLi_T 
(mol kg’ )
Time
(min)
Temperature
(K)
Atmosphere Colour
0.1 I 293 argon pale  yellow
0.1 10 293 argon orange
0.1 60 293 argon dark orange
0.1 100 293 argon red
0.1 200 293 argon brown
O.I 1150 293 argon dark brown
T ab le  ( 3 ) A se q u e n c e  o f  c o lo u r s  p ro d u c e d  by  th e  r e a c t i o n  
o f  PAN s o l u t i o n s  w ith  n -B u L i.
o f colour observations fo r a sample reac tio n  ( [n-BuLi] = 0 .1  mol kg~*,
T=293 K, in  argon). The unreacted PAN so lu tions were v ir tu a lly  co lou rless? 
and PAN re p re c ip ita te d  from so lu tio n  without add itives re ta in ed  i t s  o rig in a l 
white colour. The colours reported  in  the tab le  re fe rred  to  the colour of the 
p re c ip ita te ,  which was the same as the tre a te d  so lu tion  p r io r  to  term ination. 
Since the supem ant liq u id  was a lso  co lou rless, none o f  the products remained 
in  so lu tio n . U ntreated PAN cou ld  be recovered q u a n tita tiv e ly  bv th is  process . 
An immediate yellow colour was observed on add ition  of n-BuLi, which deepened 
more slowly w ith tim e, through ye 1-lowy-orange7 red-to-brown.- -At~a-given—  
tim e, increasing  the n-BuLi concentration produced darker co lours. Sim ilar 
e ffe c ts  were observed in  the case o f increased tem peratures a f te r  constant 
periods and n-BuLi concentrations. The reac tion  was monitored by 
spectroscopic analysis o f the products.
5 .4 .3  Q ua lita tive  analysis of the in fra red  spectra
The spectrum of PAN is well resolved, and assignment of the major 
peaks has been established. Table (4 ) shows the assignments of the major 
peaks, the good agreement between the calculated values and the observed 
wavenumbers at which specific groups absorb was apparent. (106,107)
Wavenumber (cnf In ten s ity Assignment
Observed Calculated
2940 2935 vs -Q a ( G y  s tre tc h
2870 2886 m (C iy  s tre tc h
2240 2237 vs \) (C=N) s tre tc h
1445 1453 vs S  ( a y  bend
1355 1357 m (Gi2) waB
vs = very strong \) a = asymmetric s tre tc h
m = medium \)  s = symmetric s tre tc h
Table ( 4 ) Peak assignments in  the spectrum of PAN
Figure (28) shows a spectrum obtained fo r the unreacted polymer, the 
major peaks are lab e lled . Spectral changes observed a f te r  reac tion  
with n-BuLi have been determined by comparison of the spectrum of 
tre a te d  PAN with Figure (28) . The assignments of the peaks in  a 
modified sample have been obtained by studying those reported  in  the 
l i te r a tu r e  fo r therm ally tre a te d  PAN. Clarke has extensively  reviewed 
the l i te ra tu r e  up to  1976, and the various assignments fo r both in e r t ly  
and ox idatively  h e a t-tre a te d  PAN are summarised in  Table (5). No 
reference w ill  be made to  the techniques used to  record these spectra , 
since d e ta ils  may be obtained by re fe rr in g  to  the  primary references.
The reac tio n  of PAN produced immediate sp ec tra l changes. Figure (29) 
shows a se rie s  of spectra  fo r  PAN (concentration = 1.0 mol kg ^) with 
0.1 mol kg  ^ n-BuLi fo r d if fe re n t tim es. In the region 3700-3000 cm  ^
background absorption by res id u a l water in  the potassium bromide, because 
of i t s  h y d ro p h ilic  na tu re , used to  produce the d iscs,add  to  the 
complexity of the absorption. However these absorbances are mainly 
a ttr ib u te d  to  imine and hydroxyl groups. Therefore i t  was important 
to  ensure th a t water contamination was minimal. I t  was minimised by 
sto rin g  the potassium bromide in  an oven a t K, followed by baking 
a t 423 K and cooling in  a d essica to r immediately p rio r  to  use. The d isc  
was produced, and the spectrum was recorded as rap id ly  as p oss ib le .
A blank d isc  prepared in  th is  manner showed no evidence of water 
absorption, so s ig n if ic a n t water con tribu tion  to  the spectra  could be 
discounted. Since the spectra  of polymers recorded immediately a f te r  
freeze-dry ing , and a f te r  storage fo r severa l days in a ir  were 
e s se n tia lly  the same, and since oxygen was absent during .the  treatm ents, 
hydroxyl absorption was s im ila rly  discounted. Therefore the absorption 
in  th is  region was a ttr ib u te d  to  the formation of amine, or more 
lik e ly  imine groups.
u -+->
c_ j> i n
F ig u re  (2 8 ) The i n f r a r e d  s p e c t r a  o f  PAN, i n d i c a t i n g  th e  
a s s ig n m e n t o f  th e  m a jo r  p e a k s .
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In e r t  atmosphere Oxidising atmosphere
Peak (cm Assignment Peak (cm Assignment
3400-3350 N-H 3600-3200 N-H
3230-3200 N-H 3380-3330 N-H
2200-2185 conj. C=N 3380-3330 0-H
2170 K 3330-3310 0-H
2150 ,=C-C=N or (N=C-C=N 2920 C-H
1670-1620 C=N 2170 K
1670-1620 conj. ON 1720 c o
1670-1620 NH2 1720 C=N
1615-1580 C=N 1680-1630 CO
1615-1580 conj. ON 1680-1630 CO
1615-1580 CO 1620-1585 CO
1615-1580 N-HX 1620-1585 N-H
1550-1540 -N-H • 1620-1585 C=N
1550-1540
CD8
1550-1540 ON-H
1420 C=C arom. 1550-1540
CD 
f'O 
8
1370 r 3c-oh 1380-1370 O-H
1340
CD8
1380-1370 r 3c-oh
1160-1150 C-N 1340
CD8
1160-1150 r 3c-oh 1290-1170 =N-0
1160-1150 CO arom. 1165-1135 r 3c-oh
965-900
910
-CO-H
tt
1165-1135
980
-ch-ch7-ch-
oz
N-0
810-800 tt 810-800 -CO-H
740 tt 810-800 NH
650 tt
Table (5 ) In frared  assignments fo r  h e a t- tre a te d  PAN^ ^
C vvofc* v ^ \ o W c A v a a ^  vv/v c ^ c a /  p  er-o\3-A^> ^ v c a ^  \  o-Ae?\_fc Lv^
o"CD
O  '' 
Q  T
Cvl
in01
-Oro
"inoo
CV3
eouoqjosqv — —>
F ig u re  ( 2 9 ) The i n f r a r e d  s p e c t r a  o f  th e  p r o d u c ts  o f  th e  r e a c t i o
o f PAN s o l u t i o n s  w ith  n -B uL i., _.(.l.) t = 6X)_ s . , ( 2 ) t =600 s 
( 3 ) t =3600 s . , W t =6000 s . , ( 5 ) t =12000 s .
([PAN] = 1 .0  mol kgT, [n -B uL i] = 0 .1  mol kgT*
T=293 Ki i n  a rg o n . )
The most s tr ik in g  fea tu res  of the spectra  were the development
of a broad band in  the region 3700-3000 cm \  a decrease in  the
n i t r i l e  (2240 cm ^) absorption, the appearance and re la tiv e  increase
- Iin  in te n s ity  of an adjacent peak a t  2200 cm , and su b s ta n tia l 
development of peaks in  the region 1700-950 oiT^. As the reaction  
time increased the reso lu tio n  of the spectra  decreased. A more 
d e ta ile d  analysis can be made by considering a ty p ica l spectrum,
Figure (29), curve 2 shows PAN reacted  w ith n-BuLi fo r 10 min.
Although broad regions of overlapping peaks were developed, peaks 
were observed a t  the following wave-numbers: 3420, 3360, 3250, 2200,
1670, 1580, 1510, 1380, 1330, 1300, 1250, 1090 and 660 cm'1. The 
peaks 3700-3000 cm ^are ty p ica l of those observed fo r primary amines, 
or in  th is  case more lik e ly  imine groups. The s truc tu red  nature of the 
broad band was c h a ra c te r is tic  of hydrogen-bonded species. As observed 
fo r the reac tio n  of PAN with so lu tions of sodium, there  was an immediate 
reduction in  in te n s ity  of the CN (2240 cm ^) w ith concurrent appearance 
o f peak a t  2200 cm \  whose in te n s ity  seemed to  reach a lim itin g  value 
a f te r  short reaction  times. The s h i f t  with respect to  the standard 
n i t r i l e  s tre tch in g  frequency was only 40 cm  ^ which is  in d ica tiv e  of 
the £>rmatidn of n i t r i l e  groups in  a d if fe re n t environment. A 
d e ta ile d  d iscussion  of the assignment of th is  peak w ill  be made in  
sec tion  (6.3 .2.3) since i t  i s  cen tra l to  quantifying the reac tio n .
The overlapping peaks in  the region 1700-1400 cm  ^ have been assigned 
to  a v a rie ty o f unsaturated groups, such as (C=N), (C=C) and C=0, and -N H ^  
s tru c tu re s . Their complexity precluded th e ir  separation  fo r  q u an tita tiv e  
an a ly sis , although th e ir  presence was in d ica tiv e  of unsaturated  species 
being produced by the reaction . D etailed discussion of 1R assignments 
w ill  be made in  sec tion  (6.3.2)
Summary of the in fra red  sp ec tra l re s u lts  showed th a t the  n i t r i l e  
groups had reacted  in  some way, and th a t imine or amine groups,
which were possib ly  hydrogen bonded, were produced. In a la te r  
sec tio n  (6.3 .2.5) i t  i s  proposed th a t  intram olecular hydrogen 
bonding of an imine group to  an adjacent n i t r i l e  group is  like ly ..
The complex region from 1700 to  1400 cm  ^ is  evidence fo r  the production 
of unsaturated  groups. Since the n i t r i l e  absorption reduces in  
in te n s ity  i t  is  probable th a t the (ON) assignment is  applicable in  th is  
case. These observations could be explained in  terms of a simple 
c y c lis a t io n  reac tio n  through the pendant n i t r i l e  groups producing e ith e r  
conjugated or nonconjugated-fC=N}- sequences.
As the reac tio n  time increased, the spectra  became less  w ell 
reso lved , although s t i l l  dominated by the doublet n itr ile _  absorption. 
This is  a function  of using a conventional d ispersive  in fra red  
spectroscopy technique fo r analysing increasing ly  o p tic a lly  dense 
samples, a problem s im ila rly  accounted fo r PAN which has been pyrolysed 
fo r long tim es. In te rp re ta tio n  of the spectra  becomes increasing ly  
d i f f ic u l t  as the reac tio n  proceeds. Therefore the r e s u lts  have to  
be considered in combination w ith re s u l ts  from other spectroscopic 
techniques.
5 .4 .4 . Evidence fo r hydrogen bonding
The broad s truc tu red  absorption centered a t 3400 cm  ^ is  
a ttr ib u te d  to  hydrogen-bonded NH groups. In frared  spectroscopy was 
used to  su b s ta n tia te  th is  assignment. Since the spec tra  remained 
unchanged when recorded in  DMSO so lu tions i t  was concluded th a t 
in tra-m olecu lar hydrogen-bonding was p resen t, because i t  is  more 
p e rs is te n t than interm olecular hydrogen-bonding even in  d ilu te  
so lu tio n . The s h i f t  in  wavenuniber of the  second n i t r i l e  peak was 
s u f f ic ie n tly  small to  suggest th a t a term inal NH group (on the end 
of a cyclised  sequence) was hydrogen-bonded to  an adjacent n i t r i l e  
group. Dreiding models supported th is  theory in d ica tin g  th a t the 
c o rrec t o rie n ta tio n  of the molecule to  allow hydrogen-bonding was
p o ss ib le .
In order to  e s ta b lish  the concept of hydrogen-bonding, attem pts 
were made to  remove i t s  incidence and to  examine the re su ltin g  
sp e c tra l changes.
The spec tra  of reacted  polymers were measured in  d ilu te  so lu tions 
o f both IMF and EMSO. S a tis fac to ry  spectra  were only achieved using 
calcium flu o rid e  windows and various spacers w ith path lengths s h o r te r . 
than 0.2 mm. The overtone region  of the solvent absorbances however 
caused a loss of re so lu tio n . Therefore so lu tion  spectroscopy proved 
inconclusive, p a r t ic u la r ly  since intram olecular hydrogen-bonding is  
no toriously  p e rs is te n t  even in  d ilu te  so lu tio n . Two a lte rn a tiv e  
methods were used fo r  i t s  de tection .
I t  was decided to  term inate the reac tio n  in  a non-solvent which would 
be un like ly  to r e s u l t  in  hydrogen-bonding. Samples had previously  
been prepared by p rec ip ita tin g  a reacting  so lu tio n  in to  an excess of 
methanol and examining the bulk sample produced. In th is  experiment
a so lu tio n  was dissolved and in i t ia te d  as previously described. (PAN
-1  -1concentration  = 1.0 mol kg , n-BuLi concentration = 0.11 mol kg ,
T = 293 K in  argon.) A fter a given time (24 hrs) h a lf  o f the so lu tio n  
was p rec ip ita te d  in to  methanol as usual, while the other a liq u o t was 
p re c ip ita te d  in to  an excess of e th y l iod ide. The p re c ip ita te s  were 
washed, freeze-d ried  and th e ir  spectra  recorded by the usual method.
The presence of a lky l end-groups in  th is  l a t t e r  case should prevent 
hydrogen-bonding so th a t a l l  re s id u a l n i t r i l e  groups should be in  the
same environment, and thus absorb a t the same wavelength. Thus the
~\
n i t r i l e  region of tne l a t t e r  sample should be d iffe re n t from the
conventionally prepared sample. The peak a t 2200 cm  ^ should disappear
while the peak a t  2240 cm  ^ should correspondingly increase in  in te n s ity .
This change was observed by measuring the in te n s i t ie s  o f both n i t r i l e
peaks and ca lcu la tin g  th e ir  r a t io  CN99rn -l/CN99/in -■ -1 (R) . Thezzuu cm cm
sample p re c ip ita te d  in to  methanol had a value of R 1.428 compared w ith
a value of R = 1.417 fo r the sample p rec ip ita te d  in to  e th y l iodide. 
Although a decrease in  the magnitude of the n i t r i l e ’ ra t io  was 
observed i t s  magnitude was concluded to  be in s ig n if ic a n t in  terms of 
evidence fo r the removal of hydrogen-bonding. I t  was in te re s tin g  to  
note th a t although the two spec tra  obtained were s u b s ta n t ia l ly  the same, 
v isu a lly  'the samples were d if fe re n t .  The sample p re c ip ita te d  in to  
methanol was deep red while the sample p re c ip ita te d  in to  e thy l iodide 
was deep yellow. Therefore a species o f d if fe re n t chromophoric 
nature was produced in  the l a t t e r  case. A possib le  s tru c tu re  to  
account fo r th is  behaviour is
As the previous method s im ila rly  proved inconclusive, a so lu tion  
of reacted  polymer was tre a te d  w ith a strong inorganic acid . The 
quatern ised  product was i n i t i a l l y  examined d ire c tly  using in fra red  
spectroscopy. However, to  avoid solvent absorptions the quaternised 
so lu tio n  was recovered from so lu tionby  p rec ip ita tio n , and the freeze-d ried  
sample examined by the potassium bromide d isc  method. The c h a ra c te r is tic s  
of the n i t r i l e  region were a lte re d  by the add ition  of the acid . The 
r e la t iv e  in te n s ity  of the 2200 cm’’1 was reduced,compared w ith th a t 
obtained from the same specimen without a c id if ic a tio n . The r a t io  (R) 
of the n i t r i l e  peaks obtained with and without the a c id if ic a tio n  t r e a t ­
ment was calcu la ted . P rio r to  a c id if ic a tio n  a value of R = 1.429 was 
ca lcu la ted . A fter a c id if ic a tio n  the values obtained were R = 0.692 in  
so lu ticn  and R = 0.523 fo r the bulk specimen. The spectrum of the 
quaternised sanple a lso  developed peaks a t  2780 and 1790 cm 1 
c h a ra c te r is t ic  o f NR^  groups. Although an absorption was s t i l l  p resen t 
a f te r  a c id if ic a tio n , i t s  in te n s ity  was g rea tly  reduced. This could 
ind ica te  the presence of a th ird  type of n i t r i l e  group, such as an 
unsaturated  group, in  the s tru c tu re . - In sec tion  (6.3 .2.5) arguments 
aga in st th is  hypothesis are presented. Furthermore, during the work-up
procedure i t  was l ik e ly  th a t tra n s fe r  of a proton to  the methanol occurred 
giving r is e  to  the  apparent incomplete q u a tem isa tio n .
Although conclusive evidence fo r hydrogen-bonding was not 
apparent, the o vera ll trends of the preceding se r ie s  of experiments 
produced strong evidence favouring the concept. A d e ta iled  d iscussion , 
including evidence from the l i te r a tu r e ,  w ill  be presented in  section  
(6 . 3 . 2 . 5) .
5.4 .5  U ltra v io le t absorption spectroscopy
The u l tr a v io le t  spectrum of PAN in  d ilu te  DMF so lu tion  was 
previously  reported  in  section  5 .3 .3 . Figure (30) shows a se r ie s  of 
spec tra  obtained from d ilu te  IMF so lu tions of red isso lved  tre a te d  
polymers, fo r PAN (concentration = 1.0 mol kg ^ ) , in i t ia te d  by n-BuLi 
(concentration = 0 .0 8  mol kg fo r  various tim es.
A sharp, in tense  peak was recorded a t  approximately 270 nm.
The actual shape of the peak was obscured by the c u t-o ff  po in t 
re su ltin g  from the absorption of the so lven t. In a solvent which 
allows analysis a t sho rte r wavelengths, a broader peak with a t a i l  
below 250 nm would be expected. The development of colour during 
the reac tio n  was confirmed by the broadening of the u l t r a v io le t  absorption 
spectrum and a s h i f t  to  higher wavelengths. As the reac tion  
progressed the in te n s ity  a t  270 nm decreased, so th a t  the number 
of species absorbing a t th is  wavelength are le s s ,  and therefo re  
must re a c t fu r th e r . The s h i f t  of the absorption to  higher wave­
lengths ch arac te rises  the development of an increasing ly  conjugated 
system. An in d ica tio n  of the number of conjugated sequences can 
be ca lcu la ted  from the wavelength of maximum absorbance (*max)> by 
using the Kuhn free  e lec tron  theory fo r polyene s tru c tu re s .
Table (6) shows the values of A calcu lated  fo r various ex ten ts v '  max
of conjugation of the-(C=N3- species.
A
1.0 -
500300 400
W avelength (nm)
F ig u re  (3 0 ) The UV a b s o r p t io n  s p e c t r a  o f  th e  p r o d u c ts  o f  th e  
r e a c t i o n  o f  PAN s o l u t i o n s  w ith  n -B u L i, r e c o rd e d  
i n  d i l u t e  s o l u t i o n s .  ( l ) t =60 s . , ( 2 ) t =600 s . ,  
(3 ) t= 3 6 0 0  s * , ( A )t=6000 s . , ( 5 ) t= 1 2 0 0 0  s .  ([PAN] = 
1 .0  mol kgT, [n-BuLi] = 0 .1  mol k g . “ , T=293 K, 
u n d e r  a r g o n . )
X X (nm) max J
3 264
4 302
5 333
6 358
7 380
8 398
9 413
IQ 427
Table (6) C alculated wavelengths of maximum absorbance 
fo r conjugated-(C=N:F_sequences.
A fter 10 mins. a peak with *max a t  approximately 300 nm developed. 
I t s  in te n s ity  increased with increased reac tio n  time, in d ica tin g  the 
presence of an increasing number of chromophoric species. Further 
broadening occurred in  the spectra  and a f te r  60 mins. a second peak 
maximum appeared a t  X = 365-370 nm, whose in te n s ity  s im ila rly  increased 
with increased reac tion  time.
Tne combination of increasing absorbance a t  any wavelength 
together w ith broadening of the spectrum to  longer wavelengths 
ind ica tes the production of chromophoric, conjugated species.
Comparing the wavelengths of niaximum absorbance w ith the ca lcu la ted  
values using the Kuhn free  e lec tro n  theory fo r conjugated polyene 
s tru c tu re s , shown in  the previous ta b le , the re s u lts  are co n sis ten t 
w ith form ation of a conjugated system where x=4-8.
Figure (30) has shown th a t a f a i r ly  complex spectrum developed 
during the reac tio n . The complexity i s  due to  a combination of 
fa c to rs . The decrease in  the in te n s ity  of the peak a t  270 nm is  
accompanied by an increase in  absorbance a t  any wavelength as the
reac tio n  time increased , which is  a function  of the increasing  number 
of species w ith the  same ex ten t of conjugation. At the same tim e, 
the  broadening o f the spectrum to  longer wavelengths ind ica tes an 
increasing  ex ten t of conjugation p resen t in  the polymer as the 
reac tio n  proceeded. Therefore, the spec tra  represent a complex 
mixture of increasing  numbers of a sp e c if ic  ^extent of conjugation, 
together w ith an increasing  ex ten t of conjugation. Since the spectra
w
could not be rea d ily  deconvoluted in to  -its- component peaks, an 
analysis  has been ca rried  out a t  rep resen ta tiv e  poin ts of the sp ec tra . 
For th is  reason the nature of the  spectra  of reacted  polymers has 
been demonstrated by analysing the two peaks apparent a t  300 and 365 nm. 
Table (7) tab u la te s  the  values of absorbance fo r  these peaks as a 
function  of experimental conditions, fo r  the reaction  with n-BuLi.
Figure (31) is  an i l lu s t r a t iv e  p lo t of absorbance versus reac tio n  
time fo r both these peaks. I t  can be seen th a t  the absorption a t  300 nm 
occurs f i r s t ,  and a t  a l l  times i s  more in tense  than the absorption a t 
365 nm. Both peaks tend towards a lim itin g  value a f te r  approximately 
100 mins. This fea tu re  would be expected because the in i t ia t io n  
mechanism on the add ition  of an add itive  produces a f in i t e  length 
of l in e a r  polymer between in i t ia t io n  s i t e s ,  which is  a function  of 
the  concentration.
A s im ila r analysis was used to  determine the e ffe c t of the 
reac tio n  temperature on the u l tr a v io le t  spectra  of the products. 
Q ua lita tive  in fra red  analysis of the samples produced a t d if fe re n t 
tem peratures were ostensib ly  the same (5 .4 .3) while the corresponding 
q u a n tita tiv e  analysis w ill  show the d ifferences in  terms of the ex ten t 
and degree of n i t r i l e  reac tio n  (5 .4 .3 ). However, desp ite  the apparent 
s im ila r i t ie s  in  the in fra red  spec tra , the reac tio n  products produced 
a t  e levated  tem peratures (313, 333 K) were no long soluble in  IMF.
[n -B uL i] 
(m ol kgT^)
Time
( s )
A tm osphere A b so rb an ce
^=300 nm X = 3 65 nm
0.0  5 60 A rgon 0.11 0.00
0.0  5 600 A rgon 0.27 0.08
0 .0 5 6000 A rgon 0 .4 9 0.32
0.08 60 A rgon 0.08 0.00
0.08 600 A rgon 0.30 0.07
0.08 3600 A rgon 0 .4 2 0 .2 8
0.08 6000 A rgon 0.61 0 .4 2
0.08 12000 A rgon 0 .8 1 O.63
0 M- O 60 A rgon 0.21 0 .0 5
0.10 600 A rgon O.36 0 .1 5
0.10 3600 A, rg o n 0 .51 O.38
0.10 6000 A rgon 0 .6 4 0 .4 3
0.10 12000 A rgon 0.69 0 .4 6
0.08 60 A rgon 0.08 0.00
0.08 1200 Oxygen 0.10 0 .0 5
0.08 2400 Oxygen 0 .1 5 0.08
0.08 3600 Oxygen 0 .1 8 0.10
0.08 6000 Oxygen 0 .1 4 5 0 .0 5
T a b le  ( 7 ) The v a lu e s  o f  a b so rb a n c e  a t  =300 nm. and
=365 nm. as a f u n c t io n  o f  n -B uL i c o n c e n t r a t i o n  
and  t im e , f o r  th e  r e a c t i o n  w ith  PAN (LPAN]=1.0 mol 
T=293 K)
A
bs
or
ba
nc
e
1.0 -
O —
0 .5 -
T im e(s)  (xIO^)
F ig u r e  (3 1 ) A b so rb an ce  a s  a  f u n c t io n  o f  r e a c t i o n  tim e  f o r
th e  p r o d u c ts  o f  th e  r e a c t i o n  o f PAN w i th  n -B uL i 
(1 )  =300 n m ., ( 2) =365 nm. ([PA N ]=1.0  mol k g 7 ,  
[n-BuLi] = 0 .1  mol kgT ,T =293 K, u n d e r  A rgon)
Therefore u l tr a v io le t  spectroscopy of these samples could not be 
c a rr ie d  out. Heating, to  e ffe c t d isso lu tio n  would negate the fa c t 
th a t  the  samples had been produced a t  r e la t iv e ly  low tem peratures.
I t  was a lso  in te re s tin g  to  note th a t  although the p rec ip ita te d  
product was insoluble in  DMF, i t  had remained in  so lu tion  fo r  the 
duration  of the  reac tio n . The so lu b ili ty  p ro p erties  of the products 
must change as the reac tio n  temperature increased, such th a t  IMF 
was i n i t i a l l y  a good solvent and apparently  becomes a non-solvent 
fo r the reac tio n  products produced a t  higher tem peratures.
The presence of oxygen in  the reac tio n  medium had been shown 
to  in h ib it  the reac tio n  which had been in i t ia te d  in  an in e r t  
atmosphere, as shown by the lack of colour development as the reac tio n  
proceeded in  the presence of oxygen. The in h ib itio n  of the reac tio n  
by oxygen was confirmed by the u l tr a v io le t  absorption sp ec tra , which 
showed l i t t l e  development in  the absorbances a t  e ith e r  300 or 365 rail.
These re s u l ts  can be used in  conjunction w ith the spectroscopic 
data  generated by o ther techniques to  determine a mechanism fo r the 
reac tio n  of PAN with n-BuLi. A d e ta ile d  d iscussion  of the s tru c tu re  
and mechanism w ill  be given in  sec tion  (6 .3 .3 ).
5 .4 .6  H1-nuclear magnetic resonance spectroscopy
Q u alita tiv e  spectroscopic evidence has so fa r  ind icated  th a t  
the reac tio n  of PAN with n-BuLi reduces the n i t r i l e  concentra tion , 
producing a conjugated system. The cy c lisa tio n  reac tio n  through the 
pendant n i t r i l e  groups was thought to  produce a conjugated-(C=Nh
A
system, from the evidence reported in  the previous two sec tio n s .
However, the production of a conjugated sequence by a d if fe re n t mechanism 
could not be ignored. Reaction in  the polymer backbone, e ith e r  a t  the 
a- or 3-hydrogen p o sitio n  could produce a conjugated system w ithout 
n ecessa rily  causing the c y c lisa tio n  reac tio n  to  occur. Therefore a
method was needed to  e s ta b lish  whether any such reac tio n  had occurred. 
H’-NMR was used to  c la r ify  th is  p o in t. I f  a reac tio n  of e ith e r  the 
a- or 3- hydrogens occurred, a change in  proton ra t io s  would be 
recorded. For th is  reason H’-NMR was employed as a se rv ice  technique 
fo r fu rth e r  e lu c id a tio n  of the s tru c tu re  of PAN tre a te d  w ith n-BuLi.
Figure (32) shows the H’-NMR spectrum obtained fo r the homopoly­
mer . Comparison with the Standard S taed tle r Reference spectrum fo r 
PAN, shown in  Figure (33) enabled the peaks recorded to  be id e n tif ie d . 
The chemical s h if ts  fo r PAN in  d^ -DMSO showed a broad band centred 
a t 8 = 2.1 ppm, which correspond w ith the protons, and a complex 
peak a t  6 = 3.15 ppm, corresponding to  the CH protons. In a well 
resolved spectrum th is  peak should appear as a reso lveable quintet 
The peak a ttr ib u te d  to  the methylene protons should reso lve  in to  a 
t r i p l e t .  The reference spectrum shows the presence of in p u r it ie s  in  
the polymer. Typically  these are the peaks a t  6 = 2.52 ppm, due to  
non-deuterated im purities in  the d^ -DMSO so lv en t, a t 6 = 3.3 ppm, 
due to  a trace  of water in  the so lven t, and a t  6 = 3.72 ppm which 
has been a ttr ib u te d  to  an im purity of unknown o rig in . Sim ilar 
im purities were observed in  the spectrum of the PAN used in  th is  
experiment, probably due to  traces  of both water and re s id u a l 
so lven t.
A se r ie s  of spectra  were obtained fo r PAN tre a te d  w ith n-BuLi under 
various experimental conditions, and a rep resen ta tiv e  spectrum is  shown 
in  Figure (34). Contamination peaks were noted as previously  described. 
The proton ra t io s  (C^/CH) were ca lcu la ted , using the in teg ra ted  curve. 
Various Q^/CH ra t io s  are shown in  Table (8) .  The th e o re tic a l value of
cT (ppm)
F ig u re  ( 3 2 ) The H*-NMR sp e c tru m  o f  PAN re c o rd e d  i n  d^-DMSO.
3 " J cT(ppm)z 1 u
F ig u re  ( 3 3 ) The H*-NMR sp e c tru m  o f  PAN from  th e  S t a e d t l e r
R e fe re n c e  S p e c t r a ,  r e c o r d e d  i n  c^ - dmsC).
£  (ppm)
F ig u re  ( 3A) A t y p i c a l  H*-NMR sp e c tru m  o f  a  p r o d u c t  o f  th e  
r e a c t i o n  o f  PAN s o l u t i o n  w ith  n -B u L i, r e c o rd e d  
i n  dr-DMSO, ([PA N ]=1.0  mol kgT, [n-BuLi] = 0 .0 5  mol kg 
T=29§ K, t =600 s . ,  u n d e r  Argon-)--------
-1
Concentration (mol kg )
Time (min) Temperature (K) ch2/ chPAN n-BuLi
1.0 - - 293 2.02
1.0 0.08 200 293 2.10
1.0 0.05 1 293 2.05
1.0 0.05 10 293 2.30
1.0 0.10 1 293 2.09
1.0 0.10 10 293 2.20
1.0 0.10 60 293 2.06
1.0 0.08 273 2.05
T a b le  ( 8 ) P r o to n  r a t i o s  c a l c u l a t e d  f o r  sam p les  from  th e
r e a c t i o n  o f  PAN s o l u t i o n s  w ith  n -B uL i u n d e r  v a r io u s  
c o n d i t i o n s .
Q yCH  ca lcu la ted  from the em pirical formula o f PAN is  equal to  2.00.
The experimental value o f 2.05 was very close to  th is  value. The 
ra t io s  calcu lated  fo r  tre a te d  PAN did n o t deviate  g rea tly  from th is  value, 
and there  was no obvious trend to  in d ica te  th a t  reac tio n  o f these groups 
had occurred. I t  was concluded th a t under the reported  experimental 
conditions no reac tio n  through the polymer backbone had taken p lace.
An add ition  po in t o f in te r e s t  in  some of; the spectra  of- the tre a te d  
polymers was a doublet a t  S -  2 \ ppm due to  traces o f occluded DMF.
In the p reparation  o f samples, the polymers had been freeze-d ried  under high 
vacuum. I t  was apparent th a t res id u a l DMF was bound in  the polymers 
making i t s  to ta l  removal d i f f ic u l t .  Solvent residues are no toriously  
d i f f ic u l t  to  remove from the homopolymer w ithout prolonged heating , which was 
not desired  in  th is  case.
From these re s u lts  i t  was concluded th a t the conjugated sequences 
observed by the o ther spectroscopic techniques were a ttr ib u ta b le  to  
segments o f cyclised  polymer, produced by the secondary polym erisation 
o f the pendant n i t r i l e  groups in i t ia te d  by the add ition  o f n-BuLi. No 
evidence fo r the production of a conjugated polyene s tru c tu re , which would 
be the r e s u l t  o f reac tio n  in  the polymer backbone was observed. Furthermore, 
a s h i f t  in  the CE^  spectrum which would be the r e s u l t  o f a change in  the 
chemical environment o f the Cf^ protons on the formation o f a condensed 
pyrid ine s tru c tu re  was not observed.
5 .4 .7  Gel permeation chromatography
Ah important fa c to r  when considering the reac tio n  o f PAN w ith n-BuLi 
was the importance o f m aintaining s tru c tu ra l  in te g r ity . S ta b il is a tio n  o f 
the polymer would not be enhanced i f  m olecular breakdown was brought about 
by the reac tio n . Consequently the products were examined by GPC in  order
to  d e tec t any chain sc iss io n  o r  fragm entation during the treatm ent.
Chromatograms were obtained from so lu tions o f reacted  polymers, ;
red isso lved  in  d i s t i l l e d  DMF. C alib ra tion  o f samples w ith respect to
polystyrene (PS) standards o f known molecular weight in  DMF was made.
Figure (35) shows the c a lib ra tio n  curve, w ith log (molecular weight) p lo tte d
versus e lu tio n  volume. The molecular weight o f a sample a t  a given e lu tio n  .
volume could then be ca lcu la ted  w ith respec t to  PS. Figure (36) shows a
ty p ic a l se r ie s  o f chromatograms fo r  PAN in i t ia te d  w ith n-BuLi (concentration
=0.08 mol kg ^ ), a t 293 K fo r  various tim es. Observation o f the peak maxima
positions show considerable changes compared with the chromatogram o f the
homopolymer. In a l l  the chromatograms peaks a t e lu tio n  volumes' g rea te r
.than 35 cm J have been ignored, since they are caused by im purities such as
water and dissolved gases in  the so lven t. The chromatogram recorded fo r
.3
PAN shows a symmetrical peak centred around e lu tio n  volume o f 23.5 cm 
which equates w ith a molecular weight o f 140,000 with respect to  PS.
Mn and R were ca lcu la ted  from the following equations:
Values obtained fo r the homopolymer were
M = 140,000 n 7
= 250,000
Sim ilar values were not ca lcu la ted  fo r tre a te d  polymers since th e ir  
so lu tion  p ro p ertie s  change continuously as the reac tion  proceeds.
Analysis o f the chromatograms from the reacted  polymers was complicated 
by a number o f fa c to rs . In the case of a monomeric or simple m a te ria l, a 
Gaussian shaped curve would be obtained. A symmetrical peak would be
where H = peak heigh t a t  any e lu tio n  
volumeM =SHM w ^=rrr-:s h
M = molecular weight a t  same 
e lu tio n  volume w .r . t .  PS.
Lo
g 
M
5 0 -
2 5 -
Elution vo lu m e (cnrH)
F ig u r e  ( 3 5 ) The c a l i b r a t i o n  c u rv e  f o r  GPC o b ta in e d  u s in g  
p o ly s ty r e n e  s t a n d a r d s .
VElution volume (cm^)
F ig u r e  ( 36) A s e r i e s  o f  ch rom atag ram s r e c o rd e d  f o r  th e
p r o d u c ts  o f  th e  r e a c t i o n  o f  PAN s o l u t i o n s  w ith  
n - B u L i . ( l ) t = 0 , ( 2 ) t= 6 0  s . , ( 3 ) t= 6 0 D  s . , ( ^ ) t = 6 0 0 0  s . ,  
(5 ) t= 1 2 0 0 0  s.. ( [PAN] = 1 .0  mol kgT , [n-BuLi] =
0 .0 8  mol kgT , T=293 u n d e r  A rgon)
in d ica tiv e  of a s t a t i s t i c a l l y  uniform d is tr ib u tio n  of molecules. The 
p o sitio n  of the peak maximum is  dependent on the molecular weight o f the 
c o n s titu en t molecules, while the enclosed area is  p roportional to the 
weight and concentration of the sample in  so lu tio n . For a polydispersed 
m ateria l the re s u lta n t  curve is  a composite of Gaussian curves o f a l l  
i t s  components. The to ta l  area under the curve - is  -proportional to -the 
concentration  but the height of the ind iv idual peaks i s  not then proportional 
to  the re la tiv e  abundance of the components a t  the corresponding e lu tio n  
volume, since i t  w ill  also  depend on the abundance of the neighbouring 
components. Specific  analysis o f the traces recorded, in  terms of the 
amount of the various components and th e ir  molecular weights i s  d i f f i c u l t  
because the curves cannot be rea d ily  deconvoluted. Therefore a comparative 
analysis was used.
As the reac tio n  proceeded major changes in  the chromatograms w ith
resp ec t to the homopolymer were observed. The res id u a l peak recorded
i n i t i a l l y  was sh if te d  to  s l ig h tly  lower e lu tio n  volumes. Concurrently
secondary overlapping peaks developed a t  sm aller e lu tio n  volumes. In some
  U
cases a sharp peak developed a t  15 cm due to exclusion of the molecules 
w ith the longest dimension from the g e l. Since the excluded polymer peak 
disappears ea rly  in  the reac tio n ^  polymers w ith small ex ten ts of c y c lisa tio n  
have an apparently  decreased e ffe c tiv e  size-.—A t'-iarger ex ten ts of c y c lisa tio n  
the apparent e ffe c tiv e  size  is  increased. This i s  explained by the change 
in  the thermodynamics of the ladder polymer so lu tion . These re s u l ts  support 
the formation of a ladder polymer with an e ffe c tiv e  average m olecular 
dimension in  IMF solut-ion^-^whieh- is- dependent-on—the-ex ten t-o£  c y c l is a t io n .
The apparent trend to  la rg e r e lu tio n  volumes (or sm aller e ffe c tiv e  
size) cannot be explained by chain sc iss io n  because the lim itin g  osmotic 
pressure of both the homopolymer and a cyclised  polymer (extent=0.632) 
in  IMF so lu tion  were found to  be the same. Since M remained constan t in tr a -Tl
molecular chain reactions must have taken p lace , ra th e r  than chain sc iss io n  
or in term olecular c rosslink ing .
5 .4 .8  Elemental analysis
Elemental analysis was used to  monitor the reac tion  o f PAN w ith n-BuLi, 
in  terms o f changes in  i t s  elemental constituen ts as the reac tio n  proceeded.
5 .4 .8 .1  Micro a n a ly tic a l analysis
This technique was not used as acontinuous monitoring technique, 
but was used to  examine rep resen ta tive  samples a f te r  th e i r  reac tion  w ith 
n-BuLi. Table (9) shows th a t the experimental analysis o f the homopolymer 
was in  good agreement w ith the th e o re tic a l values ca lcu la ted  from the 
em pirical foimula o f PAN (C^ N). Incomplete analysis was apparent,
however the small percentage d ifference  is  a ttr ib u te d  to  oxygen, which 
cannot be determined d ire c tly . A small quan tity  o f water could have been 
adsorbed on to  the surface of the polymer p r io r  to  te s tin g , which could 
account fo r the presence of oxygen. A lte rn a tiv e ly , i t  is  possib le  th a t the 
argon used as the purging atmosphere in  the production o f the polymer was 
not completely oxygen fre e .
Table (10) shows a se rie s  o f analyses obtained fo r  tre a te d  polymers 
w ith respec t to  th e ir  experimental cond itions. A change in  elemental 
composition w ith respec t to  PAN was apparent. The major change was the 
increased oxygen content. The fra c tio n  o f hydrogen also  s l ig h tly  increased. 
These changes can be explained in  a number o f ways. F i r s t ly  the fac to rs  - 
ou tlined  fo r the presence o f oxygen in  the s ta r tin g  polymer a lso  e x is t  
a f te r  reac tion  w ith n-BuLi, although th is  explanation probably does not 
account fo r the f a i r ly  su b s ta n tia l increase in  percentage o f oxygen.
Secondly the H'-NMR re s u lts  in  sec tio n  5.4 .6  ind icated  th a t small q u a n titie s  
o f occluded DMF remained in  the reacted  polymers desp ite  extensive freeze- 
drying. Such an im purity would e ffe c t the elemental an a ly sis . S im ilarly
Element % ca lcu la ted 1 found
carbon 67.92 67.52
n itrogen 26.42 26.00
hydrogen 5.66 5.16
oxygen
(by d ifference)
1.32
Table (9) The t h e o r e t i c a l  and  e x p e r im e n ta l  .v a lu e s  f o r  
th e  e le m e n ta l  a n a l y s i s  o f  PAN.
Concentration 
fmol kg” )
Time
(min)
Temperature
00
Elements
C H N 0PAN BuLi
1.0 0.05 100 293 63.26 5.81 23.88 7.08
1.0 0.08 1 293 66.74 5.67 25.35 2.24
1.0 0.08 200 293 61.23 6.29 22.65 9.82
1.0 0.08 .200 313 61.96 6.19 22.93 8.92
1.0 0.10 60 293 65.02 6.74 24.25 3.99
Table (10) E le m e n ta l  a n a ly s e s  f o r  PAN t r e a t e d  w ith  n -B uL i 
u n d e r  v a r io u s  c o n d i t i o n s .
n -B uL i 
(m ol k g r  )
Time
( s )
E le m e n ts
C N 0 - H
0.08 60 67.02 2 7 .3 2 0 .0 7 5 .5 9
0.08 600 66.83 2 k  65 2 .9 6 5 .5 6
0.08 3600 7 0 .0 7 2 2 .4 4 1.66 5 .8 3
T a b le  (1 1 ) E le m e n ta l  a n a ly s e s  f o r  PAN t r e a t e d  w i th  n -B uL i 
a t  293 K f o r  v a r io u s  t im e s ,  o b ta in e d  by  x - r a y  
p h o t o e l e c t r o n  s p e c t r o s c o p y .
methanol not removed on freeze-dry ing  couldl^e p resen t, although th is  - 
is  le ss  l ik e ly  because of the high vapour pressure of methanol 
re la t iv e  to  DMF.
5 .4 .8.2 X-ray Photoelectron spectroscopy
The reasons fo r using th is  technique were twofold. I t  had 
been hoped to  use th is  method to  monitor s tru c tu ra l  changes in  the 
tre a te d  polymers d ire c tly . Secondly the spectra  could be used to  
confirm the elemental analysis obtained by the m icroanaly tical technique. 
Spectra were obtained from powder specimens, and since XPS is  mainly a 
technique fo r  the examination of the specimen su rface , inform ation about 
the  bulk of the sample was not obtained. In the f i r s t  instance, th e re ­
fo re , XPS was used as a confirmatory analysis technique. Carbon, n itrogen  
and oxygen were determined d ire c tly  from the recorded spectra  while 
hydrogen was ca lcu la ted  by d iffe ren ce . Figure (37) shows a ty p ica l 
spectrum obtained from PAN. The C (IS ), N (IS) and 0 (IS) were recorded 
a t th e ir  respec tive  binding energ ies, and were then corrected  by th e ir  
s e n s i t iv i ty  fa c to rs , as is  common p ra c tic e . A no ticeab le  frea tu re  of 
the spectrum was a doublet a ttr ib u ta b le  to  indium. Thus the method of 
specimen mounting posed problems in  the elemental ca lcu la tio n s . Values 
were therefo re  corrected  using the following method. The spectrum of 
PAN showed a much higher oxygen concentration than was recorded using 
the m icroanalysis technique. The spectrum of a blank indium specimen 
holder was therefo re  recorded, and produced a sim ila r peak in  i t s  spectrum, 
ind ica ting  the presence o f an oxygen impurity on the indium. A constant 
oxygen impurity lev e l was therefo re  assumed fo r a l l  the indium sample 
ho lders, and an oxygen correction  fa c to r  was ca lcu la ted  from the In (IS) 
and 0 (IS) r a t io s .  A ll succeeding oxygen percentages were corrected  
using th is  fa c to r .
Elemental percentages were calcu lated  from the peak h e ig h ts , which 
were computed from the 30 eV scans of the regions pe rta in ing  to  the
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P A N .tre a te d  w i th  n -B uL i ( c o n c e n t r a t i o n  = 0.08  mol 
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sp e c if ic  peaks. Figure (38) shows a ty p ica l spectrum fo r  a trea te d  
polymer. Table (11) shows a se r ie s  of elemental analyses fo r samples
- I
t re a te d  with 0.08 mol kg n-BuLi a t  293 K fo r various tim es. Figure 
(39) shows a p lo t  of the change in  elemental components w ith respect 
to  reac tio n  tim e. The percentages of carbon and hydrogen remain sub­
s ta n t ia l ly  constan t, while the  n itrogen  concentration decreases w ith 
time.
The presence of oxygen apparent in  th is  technique was thought to  _ 
be a function of adsorbed water vapour on the surface of specimens.
This conclusion was drawn from the fa c t th a t oxygen concentrations 
using th is  technique were le ss  than those deteimined by m icroanalysis. 
ESCA determines surface c h a ra c te r is tic s  while m icroanalysis i s  a function 
of bulk p ro p e rtie s . Since the  oxygen value in  the l a t t e r  case is  higher 
than the former, i t  i s  more lik e ly  to  be a ttr ib u te d  to  occluded IMF, 
while oxygen a t  the surface i s  due to  water vapour. In the case of 
oxidation occuring during sto rage, i t  would be expected th a t oxygen 
lev e ls  would be higher using ESCA since the surfaces are -the most 
suscep tib le  to  oxidation.
I t  was not possib le  to  use th is  technique to  observe s tru c tu ra l 
changes occuring as the reac tio n  proceeded. The peaks recorded fo r 
each elemental component on a 30 eV scan were Claussian^'Th sh ap e^ q r 
unreacted polymers. While the corresponding peaks fo r the reacted  
polymers became more s truc tu red , th e ir  components could not be de­
convolved . Although th is  technique ind icated  a change in  bonding 
as the reac tio n  proceeded, sp ec ific  analysis of the types of bonds 
p resen t was not p ossib le . The spectra.w ere therefo re  used as a 
confirm atory elemental analysis technique.
5 .4 .8 .3 . Summary of elemental analysis
Determination of the elemental percentages p resen t in  the 
homopolymer using both analysis techniques gave good agreement. Both
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F ig u re  (3 9 ) E le m e n ta l  c o n s t i t u e n t s  c a l c u l a t e d  from  XPS, f o r  
p r o d u c ts  o f  th e  r e a c t i o n  o f  PAN w ith  n -B uL i 1 
a s  a  f u n c t io n  o f  t im e , ( [n -B u L i]=0.08 mol kg  ” , 
T=293 K, u n d e r  a rg o n )
techniques a lso  demonstrated the presence of oxygen in  some of the 
samples. There are a number of possib le  sources fo r  the oxygen, 
including small oxygen im purities in  the oxygen-free n itrogen , adsorbed 
w ater, re ta in ed  methanol, which is  un like ly  because of i t s  low vapour
freeze-d ry ing .
The f ra c tio n  of oxygen was le ss  in  the XPS analysis than in  the 
m icroanaly tical technique. Since the former is  a surface technqiue, 
the  presence of oxygen is  probably due to  adsorption of impurity oxygen 
or w ater. The oxygen observed in  the bulk technique was probably due 
to  occluded IMF. Taking both these fac to rs  in to  account, i t  was 
ca lcu la ted  th a t between 5-101 occluded IMF could account fo r the 
f ra c tio n  of oxygen observed in  the analyses.
The e ffe c t of DMF on the re s u lts  presented w ill  be discussed in  
sec tion  (6.3.)
5.5 Q uan tification  of the c y c lisa tio n  reac tio n
5 .5 .1 . In troduction
The cyclisa tion-reaction ._ fo r BuLi tre a te d  PAN was e stab lished  
from spectroscopic evidence. The spectra  obtained were then analysed to  
ca lcu la te  the degree and extent of ^die" cyclisa tion ', by q u an tita tiv e  
analysis of in fra red  spec tra , with reference to values calcu lated  from 
other techniques. I t  was d i f f ic u l t  to^standard ise  the sp ec tra  obtained 
from potassium bromide d iscs containing d ispersed so lid s . Therefore i t  
was necessary to  employ a method of q u an tita tiv e  'a n a ly s is , dependent on 
a number of assumptions which w ill be discussed as they a r is e .  A ll 
r e s u lts  presented are a consisten t se r ie s  based on a r e la t iv e  absorbance 
a t a sp e c if ic  wave number. The base lin e  density  method was used to  
ca lcu la te  peak in te n s i t ie s  from the absorption s p e c t r a . W h e n  
using the potassium bromide d isc  method as a continuous m onitoring 
technique, i t  was d i f f ic u l t  to  ensure id en tica l reproduction of sample
s iz e , d ispersion  and th ickness, desp ite  e ffo r ts  to  minimise these 
d iscrepancies. For th is  reason spectra  were ca lib ra ted  w ith respect 
to  a standard. Possib le  s tandard isa tion  methods can be summarised as 
follow s:
( i)  incorporating an add itive  of known absorbance in to  the polymer.
Such an add itive  must have a w ell defined, c h a ra c te r is tic  
absorbance in  a region of the  spectrum which would not in te r fe re  
with sample absorbances. This method introduces s im ila r sources 
of e rro r  as using an uncalib ra ted  spectrum, since the add itive  
must be added reproducibly.
( i i )  using an in te rn a l standard. The obvious advantage of th is  method 
is  the constancy of the proportion of the p a r t ic u la r  absoiption 
irre sp e c tiv e  of s l ig h t flu c tu a tio n s in  absolute sample s iz e . The 
chosen absorption must rep resen t a group which remains unreacted 
throughout the reac tion .
The l a t t e r  method was used to  c a lib ra te  the sp ec tra . The strong 
Cfi, (2940 cm ^) peak was thought to  be a su itab le  in te rn a l standard, 
although th is  presumes th a t no reac tio n  of the polymer backbone occurs.
H’-NMR spectra  reported in  sec tion  (5 .4 .6) ind icated  th a t  the r a t io  
Cf^/CH remained constant throughout the reac tio n . I t  was therefo re  concluded 
th a t  no reac tio n  in  the polymer backbone had occurred, thus e stab lish in g  
the v a lid i ty  o f using the (2940 cm ^) peak as an in te rn a l standard.
Using th is  method the  need fo r exact rep ro d u c ib ility  of specimen size  
in  a potassium bromide d isc  was reduced, although care was taken to  
achieve consistency. I t  was found th a t v a ria tio n  of sample s ize  in  
the  range 2-6 mg of PAN in  a standard d isc  gave constant CN(2240 cm "*■)/
CH2 (2940 cm "*■) r a t i o s . A ll values of absorbance quoted in  the succeeding 
sec tio n  are calcu lated  using the in te rn a l standard isa tion  technique.
5 .5 .2 . The e f fe c t  of n-BuLi concentration on the degree and extent
of the  cy c lisa tio n  reac tio n  in  PAN
To c a lcu la te  the degree and ex ten t of the c y c lisa tio n , the 
to ta l  n i t r i l e  concentration a t  any poin t in  the reac tio n  had to  be 
calcu la ted . Section (5.4.3) ind icated  th a t  two absorptions in  the 
spectra  o f reacted  polymers were a ttr ib u ta b le  to  n i t r i l e  groups, a t  
2240 oiT^ and 2200 cm  ^ Figures (40) and (41) show ty p ic a l p lo ts  of 
the r e la t iv e  absorbance of both n i t r i l e  peaks as. a function  of 
reac tio n  tim e. A rap id  decrease in  the absorbance a t 2240 cm ^ which 
corresponds with a rap id  increase  in  the 2200 cm  ^ peak was observed in  
the f i r s t  10 mins. of the  reac tio n . At longer tim es, the r e la tiv e  
in te n s i t ie s  of both absorptions reached lim iting  values. In order to  
ca lcu la te  the to ta l  n i t r i l e  concen tra tm at any tim e, the r e la tiv e  
con tribu tions o f each n i t r i l e  peak to  the to ta l  was determined. The 
Beer-Lambert Law was shown to  apply to  the n i t r i l e  absorption a t  2240 cm  ^
w ith respec t to  the n i t r i l e  concentration in  a potassium bromide d isc . 
Figure (42) shows the l in e a r i ty  of the p lo t of re la tiv e  n i t r i l e  absorbance, 
versus n i t r i l e  concentration.
Using the re la tio n sh ip
A = ecL where A = absorbance
e = ex tin c tio n  co e ffic ien t 
c = molar concentration 
L = path  length (cm) 
the g rad ien t gave a value of ex tin c tio n  c o e ff ic ien t fo r CN (2240 cm ^) 
such th a t
-1 -1
2240 = 30.5 kg mol cm
The corresponding ex tin c tio n  c o e ff ic ie n t fo r the second n i t r i l e  peak 
(e2200'* was determined by considering the 2200 cm ^ peak immediately 
a f te r  in i t i a t io n  w ith various concentrations of n-BuLi. By assuming
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F ig u re  ( ^ 2 ) R e la t iv e  a b so rb a n c e  o f  th e  CN(224o)cm7^ 
a s  a  f u n c t io n  o f  n i t r i l e  c o n c e n t r a t i o n .
n-BuLi concentration (molkq KBr)
p e ak
-1F ig u re  (4 3 ) R e la t iv e  a b so rb a n c e  o f  th e  CN(2200)cm7 p e a k  
a s  a  f u n c t io n  o f  n -B uL i c o n c e n t r a t i o n .
th a t d ire c tly  a f te r  in i t ia t io n ,  one CN (2200 cm’ 1) group is  produced 
fo r each I n i t ia to r  ion, a p lo t  of the r e la t iv e  n i t r i l e  absorbance 
a t  2200 cm 1 versus the BuLi concentration could be made. Figure (43) 
shows th is  to  be a lin e a r  p lo t ,  whose g rad ien t gives
- 1  _ i
e2200 = kg mol cm
In order to  ca lcu la te  the to ta l  n i t r i l e  concentration a t  any time 
in  the  rea c tio n , the  peak a t  2200 cm 1 was corrected to  allow fo r  the 
large  d ifferences in  ex tin c tio n  co e ffic ien ts  of the two n i t r i l e  
absorbances.
Therefore Table (12) q u a n tita tiv e ly  analyses the reac tio n  of PAN 
with n-BuLi in  terms of the r e la tiv e  absorbance of the n i t r i l e  peaks, 
ex ten t of cy c lisa tio n  (as a mole frac tio n ) and the degree of c y c lisa tio n , 
as a function  of n-BuLi concentration, a t  constant tem perature. The 
degree of cy c lisa tio n  (C ) is  an average value computed by d ividing
A
the extent of reac tio n  by the n-BuLi concentration. Figure (44) shows 
a ty p ic a l p lo t of the fra c tio n  of unreacted n i t r i l e  groups with respec t 
to  time fo r n-BuLi concentration of 0 .1  mol kg T ypically  there  was 
an i n i t i a l  rap id  decrease in  n i t r i l e  concentration in  the f i r s t  10 mins. 
of the reac tio n . At longer times the curves tended towards a lim itin g  
value, which was re la tiv e ly  independent of n-BuLi concentra tion . A 
constant u ltim ate  value of 60-65*6 reacted  n i t r i l e  groups was observed.
The ex ten t of reac tion  increased as the reaction  proceeded, tending 
to  a lim itin g  value a t  longer tim es. Sim ilar trends were observed fo r 
the degree of c y c lisa tio n , since the l a t t e r  was dependent on the n-BuLi 
concentration. However, the degree of cy c lisa tio n  a lso  decreased with 
increased n-BuLi concentration. The length which cyclised  sequences can 
a t ta in  i s  c le a r ly  a function of the d istance  between in i t i a t io n  s i t e s ,  
which depends on the in i t i a to r  concentration . The lower the concentration  
i s ,  the fu r th e r  apart the in i t ia t io n  s i te s  a re , and so the cyclised  
length can be correspondingly longer. In the absence of any molecular
[n-BuLi] 
(m ol kgT1 )
Time
( s )
P
CN Cx R(CN(2 2 0 0 )) 
(C N (2240))
0.025 60 O .I63 6.52 0.091
0.025 600 0 .3 2 5 13.00 0.170
0.025 3600 0 .3 5 6 1 4 .2 4 0.250
0.025 6000 0 .4 4 0 17.60 0.276
0.025 12000 0 .5 7 7 23.08 0.212
0.025 86400 0 .581 2 3 .2 4 .0.227
0.05 60 0.306 6.12 0.200
0.05 600 0 .3 9 5 4 .9 4 0 .5 5 3
0.05 6000 0.4*97 9 .9 4 0 .6 1 9
0.05 86400 0.621 1 2 .4 2 0 .8 3 5
0.08 6° 0.280 3 -50 0 .2 7 4
0.08 600 0 .3 9 5 4 .9 4 0 .5 5 3
0.08 3600 0 .5 1 9 6 .4 8 8 0.667
0 .0 8 6000 0.584- 7 .3 0 0 0.882
0.08 12000 0.671 8.388 0 .7 9 5
0.10 60 0 .3 7 2 3 .7 2 0 0 .4 2 2
0.10 600 0 .4 7 8 4 .7 8 0.706
0.10 3600 0.610 6.10 0.878
0.10 6000 0.623 6.23 1.000
0.10 12000 0.632 6.32 1.103
T a b le  (1 2 ) The e x t e n t  (P qN) and d e g re e  (C ) o f  th e
c y c l i s a t i o n  r e a c t i o n  a s  a fu n c tx o n  o f  n -B uL i 
c o n c e n t r a t i o n  and t im e , ([PA N ]= 1 .0  mol k g . , 
T=293 K, u n d e r  A rgon)
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F ig u re  (4 4 ) Mole f r a c t i o n  o f  u n r e a c te d  n i t r i l e  g ro u p s  a s  a 
f u n c t i o n  o f  r e a c t i o n  t im e , f o r  th e  r e a c t i o n  o f  
PAN s o l u t i o n s  w ith  n -B u L i, (1 ) [n-BuLi] = 0 .1 0  
mol k g . , (2 ) [n-BuLi] = 0 .01  mol kgT (T=293 K, u n d e r  
A rgon)
r e s t r ic t io n  the reac tio n  can proceed along the polymer chain between 
in i t i a t io n  s i t e s .  The ac tu a l ladder length may be reduced i f  growing 
sequences oppose one another. At the other extreme, a t  the high n-BuLi 
concentration , the in i t ia t io n  s i te s  are much c lo se r toge ther. In th is  
case sequences o f only lim ited  length can occur before hinderance from 
o ther growing ends occurs. Degrees of cy c lisa tio n  up to  23 were observed.
5 .5 .3 . The e ffe c t of reac tio n  temperature on the extent and degree of 
the  c y c lisa tio n  reac tio n  in  PAN 
Values of the ex ten t and degree of the c y c lisa tio n  reac tio n  as 
a function  o f rea c tio n  temperature were computed as previously  described. 
The re s u l ts  obtained are tabu la ted  in  Table (13). Figure (45) i l lu s t r a te s  
the reac tio n  with a p lo t of unreacted n i t r i l e  groups as a function  of time 
fo r  rea c tio n  tem peratures of 293 K and 313 K.
The c h a ra c te r is tic s  of the p lo ts  are sim ila r to  the graphs p lo tte d  
fo r  the e ffe c t  of n-BuLi concentration on the ex tent of c y c lisa tio n .
There is  an i n i t i a l  rap id  decrease in  n i t r i l e  concentration followed by 
a more gradual decrease as the reac tio n  proceeds.
The i n i t i a l  ra te  of decrease in  n i t r i l e  concentration is  higher as 
the reac tio n  temperature is  increased. However the bulk of the  reac tio n  
takes place in  the f i r s t  10 minutes a t  the higher reac tio n  tem perature, 
and the lim itin g  fra c tio n  of reacted  n i t r i l e  groups i s  reached f a s te r .  
Increasing the  reac tio n  temperature therefo re  appears to  r e s u l t  in  a 
h igher lim itin g  res id u a l n i t r i l e  concentration. At 273 K there  was a 
rap id  i n i t i a l  reac tio n  of the n i t r i l e  groups, on add ition  of the 
i n i t i a to r ,  but l i t t l e  fu rth e r increase in  the ex tent of reac tio n  was 
observed. At reduced tem peratures the chain m obility  is  reduced, and 
ro ta tio n  about the polymer backbone cannot rea d ily  occur, thus 
preventing the lim iting  value of ex tent of reac tio n  from being reached.
[n-B uL i] 
(m ol kgT1 )
Time
s
T em pera tu re
K ---
---
- O S3 Cx
0 .0 8 60 273 0 .4 6 0 5 .7 5 0
0.08 600 273 0 .4 6 7 5 .8 4 0
0 .0 8 1200 273 0 .4 7 2 5 -9 0 0
0.08 3600 273 0 .4 1 4 5 .1 7 5
0 .0 8 6000 273 0.511 6 .3 9 0
0.08 12000 273 0.580 7 .2 5 0
0.08 60 293 0.280 3 .5 0 0
0.08 600 293 0 .3 9 5 4 .9 4 0
0 .0 8 3600 293 0 .5 1 9 6 .4 9 0
0.08 6000 293 0 .5 8 4 7.300
0.08 12000 293 0.671 8.390
0.08 60 313 0 .4 0  6 5 .0 7 5
0 .0 8 600 313 0 .4 3 9 6.160
0.08 1200 313 0 .541 6 . 760
0.08 2-400 313 0 .5 5 9 6.990
0.08 3600 313 0 .5 6 5 7.060
0.08 6000 313 0 .5 9 2 7 .4 0 0
0.08 12000 313 0.635 7 .9 4 0
0.025 60 333 0 .3 3 4 13.360
0.025 600 333 0.362 1 4 .4 8 0
0.025 3600 333 0.561 2 2 .4 4 0
0.025 4800 333 0.563 22.520
0.025 6000 333 O.560 2 2 .4 0 0
0.025 60 293 0.163 6 .5 3 0
0.025 600 293 0 .3 2 5 13.000
0.025 3600 293 0.356 1^.200
0.025 6000 293 0 .4 4 0 17.600
0.025 12000 293 0 .5 7 7 23.000
0.025 86400 293 0 .581 23.200
T ab le  ( 1 3 ) The e x t e n t  (P qN) and d e g re e  (C ) o f  th e  c y c l i s a t i o n
r e a c t i o n ,  a s  a  f u n c t io n  o f  te m p e r a tu re  and tim e  
([PA N ]= 1 .0  mol kg . , u n d e r  A rg o n ) .
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F ig u re  ( ^ 5 ) Mole f r a c t i o n  o f  u n r e a c te d  n i t r i l e  g ro u p s  a s  a
f u n c t io n  o f  r e a c t i o n  tim e  f o r  PAN s o l u t i o n s  r e a c t e d  
w i th  [n-BuLi] = 0 .0 8  mol kgT1 , ( 1 )T=293 K ,(2 )T = 3 1 3  K.
By employing low tem peratures fo r these reac tio n s the p o s s ib i l i t ie s  
o f side  rea c tio n s , which could obscure the  c y c lisa tio n  reactions i s  
minimised. I t  has been shown th a t  the c y c lisa tio n  reac tio n  can be 
in i t ia te d  by n-BuLi a t  tem peratures as low as 273 K, although a t th is  
temperature energy considerations makes propagation increasing ly  d i f f ic u l t .
5 .5 .4 . The e ffe c t o f atmosphere on the extent and degree oh the 
c y c lis a tio n  reac tio n  in  PAN 
Carbon f ib re s  with improved mechanical p ro p erties  are produced 
when the low temperature thermal treatm ent i s  ca rried  out in  an oxidising 
a tm o sp h e re .^  Therefore the e ffe c t o f oxygen on the reac tio n  of PAN 
w ith n-BuLi was stud ied .
The c y c lisa tio n  reac tion  was in i t ia te d  by n-BuLi (concentration =
0.08 mol kg in  an in e r t  atmosphere, in  the normal manner. A fter 
approximately 5 minutes the so lu tion  was flushed with oxygen. Sampling 
of the reac tio n  continued as previously  described, in  an oxygen atmosphere. 
This method was used because im purities such as oxygen are known to  
in h ib it  ion ic  reac tio n s , and therefo re  an in e r t  atmosphere was used 
to  ensure th a t in i t ia t io n  occurred.
On add ition  of the in i t i a to r  the so lu tion  was immediately coloured 
yellow. Observation of the colour in the presence of oxygen however 
showed very l i t t l e  fu r th e r  change with increased reac tio n  time.
Q uan titative  analysis of the spectra  showed an i n i t i a l  decrease in  
n i t r i l e  concentration, fo r the sample removed p r io r  to  flush ing  with 
oxygen. However, th is  value remained v ir tu a lly  constant fo r samples 
removed from the oxygen contaminated so lu tio n . I t  was therefo re  concluded 
th a t the cy c lisa tio n  reac tio n , which had been in i t ia te d  in  an in e r t  
atmosphere, was in h ib ited  by the presence of oxygen. This fa c t is  also 
evidence confirming th a t the reac tion  of PAN with n-BuLi is  an ionic 
reac tio n .
5 .5 .5  The e ffe c t  of polymer concentration on the ex ten t and 
degree of the c y c lisa tio n  reaction  in  PAN.
Ihe e f fe c t  o f polymer concentration on the ex ten t of the 
c y c lisa tio n  reac tio n  in  PAN was in vestiga ted . The aim of the experiment 
was to  determine the lim itin g  ex ten t of c y c lisa tio n , in  order u ltim ate ly  
to determine the possib le  c e ilin g  temperature e ffe c t fo r  the reac tio n .
A sampling technique was therefo re  not employed. Polymer so lu tions were 
dissolved in  the normal manner. The reaction  was in i t ia te d  w ith n-BuLi 
(concentration =0.11 mol kg’”*), a t 293 X under argon, fo r  d iffe re n t 
polymer concentrations. The reac tion  continued fo r  24 h r . ,  to  ensure 
th a t a lim itin g  n i t r i l e  concentration was reached. The products were 
iso la te d  , ?nd the spectra  were recorded in  the usual way. Table (14) 
co rre la tes  the extent of the n i t r i l e  reaction  with the i n i t i a l  polymer 
concentration. Figure (46) is  a p lo t o f the res id u a l n i t r i l e  f ra c tio n  
as a function of i n i t i a l  n i t r i l e  concentration, ind ica ting  the p roport­
io n a lity  of the  re la tio n sh ip .
The large n i t r i l e  : n-BuLi concentrations, however, precluded the 
determ ination of a c e ilin g  temperature e ffe c t fo r the reac tio n .
5 .5 .6  Summary
A method has been developed to  ca lcu la te  the ex ten t of 
the c y c lisa tio n  reac tio n , fo r a v a rie ty  of experimental cond itions, 
using the in fra re d  spectra  of the products. The re su lts  have ind ica ted  
th a t extents of cy c lisa tio n  between 0-0.6 can be achieved. By considering 
the n-BuLi concentration the average degree of reaction  was a lso  
computed. Cyclised lengths between 2-23 monomer u n its  were ca lcu la ted , 
depending upon the experimental conditions used.
This technique could therefo re  be used to  incorporate cyclised  
sequences of known length in to  PAN.
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[CN] 0 
(mol kgT1)
A2240 ‘(1-P)CNW PCN«)
0 . 5 0 0.390 20 80
1 . 0 0 0.432 22 78
1 . 2 5 0.470 24 76
T ab le  (1 4 ) The e x t e n t  o f  c y c l i s a t i o n  a s  a f u n c t io n  o f   ^
p o ly m e r c o n c e n t r a t i o n ,  ( [n-BuLi] = 0 .11  mol kgT , 
T=293 K, u n d e r  A rg o n .)
0.4-
0 .2 -
0.5 1.0
Polymer concentration (mol ka )
F ig u re  (4 6 ) R e s id u a l  n i t r i l e  c o n c e n t r a t i o n  as a  f u n c t i o n  - 
o f  p o ly m e r c o n c e n t r a t i o n ,  ([n -B uL i] = 0 .11  mol kgT 
T=293 K, u n d e r  A rgon)
5.6 Thermal analysis o f cyclised  PAN
5.6 .1  D.S.C analysis o f PAN
The exotherm observed when PAN is  heated in  a con tro lled  
manner, in  the temperature range 15) to  650 K, in  an in e r t  atmosphere, 
is  d ire c tly  assoc iated  w ith the therm ally induced c y c lisa tio n  reac tio n . 
D.S.C. analysis o f the homopolymer was ca rried  out in  order to  
compare the enthalpy o f the thermal reac tion  o f the n i t r i l e  groups 
w ith the corresponding enthalpy values obtained when the p a r t ia l ly  
cyclised  products o f the rea c tio n  o f PAN w ith n-BuLi are  heated.
When PAN was heated in  an in e r t  atmosphere a sharp , vigorous 
exotheim was recorded. A peak maximum temperature o f 548 K was observed. 
The enthalpy o f the therm ally induced c y c lisa tio n  reac tio n  was 20.1 kJ mol 
ca lcu la ted  from the enclosed area of the curve, as described in  
section  (4 .11 .1 ). The corresponding curve recorded when PAN was heated 
in  on oxid ising  atmosphere was s im ila r in  shape, however the peak 
maximum temperature was displaced to  higher tem perature, (598K).
Figure (47) demcnstrates the respec tive  traces obtained fo r PAN 
heated in  both in e r t  and oxid ising  atmospheres.
The re s u lts  fo r  the homopolymer can be used as a b a se lin e , to  
determine the e f fe c t  of p a r t ia l  c y c lisa tio n  on the c h a ra c te r is t ic  
exotherm. Therefore, p a r t ia l ly  cyclised  polymers, produced by the 
reac tio n  of PAN w ith n-BuLi were s im ila rly  examined. The re la tio n sh ip  
between the re s id u a l enthalpy and the ex ten t o f cy c lisa tio n  was 
determined.
5 .6 .2  D.S.C. o f p a r t ia l ly  cyclised  PAN
D.S.C. traces were recorded fo r a l l  n-BuLi tre a te d  specimens 
in  the temperature range 273-648 K. Major changes in  the exotherm 
c h a ra c te r is tic s  were apparent even fo r very small ex ten ts o f c y c lisa tio n
1m cat
600500
Temperature ( K)
F ig u re  ( ^ 7 ) DSC t r a c e s  f o r  PAN r e c o rd e d  i n  .(IJNg »( sam ple  
s iz e = 2 .5  m g . ) , (2 )0 2 , (sam p le  s iz e = 2 .0  m g.)
Figure (48) shows a ty p ica l s e r ie s  o f traces  recorded fo r  samples 
reacted  w ith n-BuLi fo r various tim es. The sharp exotheim associated  
w ith PAN was d ra s t ic a l ly  reduced in  in te n s ity  even when the ex ten t 
of cy c lisa tio n  was as low as 0.28. The exotherm in i t ia t io n  temperature 
CI\) was a lso  reduced, re su ltin g  in  a broadening o f the curves. The 
res id u a l enthalpy was calcu lated  as described in  sec tion  (4 .11 .1 ).
Table (15) tab u la te s  the res id u a l enthalpy as a function of 
experimental cond itions. The temperature a t  which the exotherms were 
a t  a maximum remained re la tiv e ly  constan t, irre sp e c tiv e  o f the ex ten t 
of c y c lisa tio n , and was 540 ± 10 K. Figure (49), curve (1 ), shows a 
ty p ic a l p lo t  o f re s id u a l enthalpy as a function o f reac tio n  tim e, 
fo r the reac tio n  where n-BuLi concentration 0.08 mol kg”\  reac tio n  
tenperature 293 K, under argon. For a l l  concen trations, a t  constant 
tem perature, there  was a rap id  decrease in  res id u a l enthalpy a f te r  
sh o rt reac tio n  tim es, w ith a more gradual subsequent decrease a t  longer 
tim es. At the lowest concentration the i n i t i a l  large  decrease was 
less  apparent, although the o v e ra ll shape of the curve was s im ila r.
At the h ighest concentration the res id u a l enthalpy tended towards a 
lim itin g  value as the reaction  time increased. The e f fe c t  o f increasing  
the n-BuLi concentration was to  correspondingly decrease the re s id u a l 
enthalpy.
The res id u a l enthalpy was s im ila r ly  calcu la ted  as a function  of 
reac tio n  tem perature. Table (16) reports these values w ith respec t to  
reac tio n  time and ex ten t o f c y c lisa tio n , while Figure (49), curve (2 ), 
demonstrates the nature o f these re s u lts  as a function o f reac tio n  tim e, 
a t  313 K, fo r n-BuLi concentration of 0.08 mol kg \  The shape o f the 
curve is  s im ila r to  curve (1). Generally the e f fe c t  o f increasing  
the reac tion  temperature was to  correspondingly decrease the re s id u a l 
enthalpy.
1mcal
500
Temperature (K)
F ig u re  ( ^ 8 ) DSC t r a c e s  r e c o rd e d  f o r  th e  p ro d u c ts ,, o f  PAN
s o l u t i o n s  w ith  [n-BuLi] = 0 .0 8  mol kgT a t  293 K. '
(1 )P cn= 0 .2 8 ,( 2 ) P cn= 0 .3 9 5 .( 3 ) P cn= 0 .5 1 9 ,( ^ ) P cn= 0 .5 8 ^ .
[n-BuLi] 
(mol kgT )
Time
s
Cx Ah
(kJ gT1 )
Ti
K
Tmax
K
0.025 60 6.4-0 3.60 225 265
0 .0 2 5 600 12.00 340 205 260
0.025 3600 14-.00 3.20 220 260
0.025 6000 1-3 . bO 3 ( 8 210 255
0.025 12000 ■2-3. .o'* Z. -3o 210 260
0.05 60 6.12 2.63 225 265
0.05 600 6.34 1.78 220 260
0.05 6000 9.94 1.10 220 270
0.05 86400 1 2 .4 2 — — ■—■
0 .0 8 60 3 .5 0 2.60 230 260
0 .0 8 600 5 .0 0 1.55 225 270
0 .0 8 3600 6.50 123 230 275
0 .0 8 6000 7 .2 5 0.95 225 260
0. 08 12000 8.39 '0.91 220 270
0 .1 0 60 3 -70 1.93 210 260
0 .1 0 600 4 .8 0 0.95 250 280
0 .1 0 3600 6 .1 0 0.78 2 z 0 290
0 .1 0 6000 6 .2 0 0.71 ^ z s 2S5
0 .1 0 12000 6.30 O.63 I O 3 o o
T a b le  (1 5 ) R e s id u a l  e n th a lp y  a s  a f u n c t i o n  o f  [n -B uL i] and  
r e a c t i o n  tim e  (T=293 K ) , (T ^= exo therm  i n i t i a t i o n
te m p e r a tu re ,  ^ max=Pe a ^ maximum t e m p e r a tu r e . )
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F ig u re  ( ^ 9 ) R e s id u a l  e n th a lp y  r e c o rd e d  f o r  th e  p r o d u c t s  o f
th e  r e a c t i o n  o f  PAN s o l u t i o n s  w ith  [n-B uLil =0. 08 
mol kgT a s  a  f u n c t io n  o f  r e a c t i o n  t im e , ( 1 ;T =293 K, 
i n  n i t r o g e n , ( 2 ) T=313 K, i n  n i t r o g e n , ( 3 ) T=293 K 
i n  oxygen .
[n-BuLi] 
(m ol kgT*)
Time 
s .
P
CN cX A h
(k J  gT1 )
T em p era tu re
K
0 .0 8 60 0 .4 6 6 5 .7 5 0 3.47 273
0 .0 8 600 0 .4 6 7 5 .8 4 0 2J56 273
0 .0 8 1200 0 .4 7 2 5.960 2j51 273
0 .0 8 3600 0 .4 1 4 5 .1 7 5 2.32 273
0 .0 8 6000 0 .5 H 6 .3 9 0 212 273
0 .0 8 12000 O .58O 7 .2 5 0 I .30 273
0 .0 8 60 0 .2 8 0 3-500 260 293
0 .0 8 600 0 .4 0 0 5 .0 0 0 1-55 293
0 .0 8 3600 0.520 6.500 1-23 293
0 .0 8 6000 0 .5 8 0 7 .2 5 0 0.95 293
0 .0 8 12000 0.670 8.390 0.91 293
0 .0 8 60 0 .4 0 6 5 .0 8 0 I .92 313
0 .0 8 600 0 .4 3 9 6 . 160 163 313
0 .0 8 1200u 0 .541 6.760 I .39 313
0 .0 8 2400 0-559 6 .9 9 0 1-04 313
0 .0 8 36OO 0.565 7.060 0.95 313
0 .0 8 6000 0 .5 9 2 7 .4 0 0 0.82 313
0 .0 8 12000 0.635 7-940 0.41 313
0 .0 2 5 60 O.330 13.600 3.07 333
0.025 600 0.360 1 4 .4 0 0 1.76 333
0 .0 2 5 36OO 0.560 2 2 .4 0 0 1.49 333
0.025 4800 0.560 2 2 .4 0 0 I .37 333
T a b le  (1 6 ) R e s id u a l  e n th a lp y  f o r  p a r t i a l l y  c y c l i s e d  PAN 
a s  a  f u n c t io n  o f  e x p e r im e n ta l  c o n d i t i o n s .
The specimens produced in  an oxygen atmosphere were s im ila rly  
examined. Figure (49), curve (3) shows a p lo t  o f the re su lts  as a 
function  o f reac tio n  tim e, fo r n-BuLi concentration o f 0.08 mol kg \  
a t  293 K. I t  was noted th a t  the res id u a l enthalpy apparently decreased 
in  the same manner as fo r  the in e r t ly  produced samples. At a l l  
reac tio n  tim es, the res id u a l enthalpy is  h igher fo r  specimens produced 
in  oxygen5 than the corresponding in e r t ly  produced specimens. Section (5 .4.4) 
has shown th a t  in  spectroscopic terms the presence of oxygen has 
apparently  in h ib ite d  the c y c lisa tio n  reac tio n , whereas the thermal 
analysis re s u lts  in d ica te  th a t  the res id u a l enthalpy does not remain 
constan t. The samples produced in  oxygen were in i t ia te d  in  an atmosphere 
o f argon. The term inal inline groups re su ltin g  from p re c ip ita tin g  
the product in to  methanol to  e f fe c t  recovery, can in i t i a t e  the thermal 
reac tion  on heating . I t  has been shown from elemental analysis th a t 
occluded IMF i s  p resen t in  the samples, desp ite  extensive freeze-d ry ing .
This may a ffe c t  the res id u a l enthalpy to  some degree, since an 
endothermic reac tio n  would be expected on d i s t i l l a t io n .  This would 
reduce the apparent res id u a l enthalpy due to  the c y c lisa tio n  o f the 
n i t r i l e  groups on heating .
The re la tio n sh ip  between the n i t r i l e  concentration and the re s id u a l 
enthalpy was determined. Figure (50) shows a p lo t  of mole fra c tio n  
of res id u a l n i t r i l e s  versus res id u a l enthalpy. The p ro p o rtio n a lity  
between the number of residual n i t r i l e  groups, ca lcu la ted  from the 
in fra red  sp ec tra , and the res id u a l enthalpy is  c le a r ly  demonstrated.
The calcu lated  value of 24.2 kJ mol fo r the enthalpy o f c y c lisa tio n  of
the res id u a l n i t r i l e  groups compared favourably with the value of
-1 Os)31.0 kJ mol reported  by Grassie^ J fo r the thermal reac tio n ,
in  an in e r t  atmosphere. From th is  r e s u l t  i t  was concluded th a t  the
s tru c tu re  produced chemically was su b s ta n tia lly  the same as therm ally
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F ig u re  ( 5 0 ) Mole f r a c t i o n  o f  r e s i d u a l  n i t r i l e  g ro u p s  a s  a  
f u n c t io n  o f  r e s i d u a l  e n th a lp y .
s ta b il is e d  PAN. The in te rce p t value o f  0.20 mole f ra c tio n  o f unreacted 
n i t r i l e  groups im plied th a t  under any experimental conditions, there  
w il l  always be 201 o f the n i t r i l e  groups which cannot p a r tic ip a te  in  
the cy c lisa tio n  reac tio n . This is  in  agreement with the value of 
19.2*6 ca lcu la ted  fo r  the thermal r e a c t i o n . Thus the thermal 
in i t i a t io n  o f reacted  samples must be associated  w ith the end-groups 
on the cyclised  sequences, and not the s e l f  in i t ia t io n  process.
5 .6 .3  Thermogravimetric analysis o f PAN
The weight loss c h a ra c te r is tic s  were recorded fo r  PAN 
in  the same programmed heating range used fo r the D.S.C. an a ly sis .
Figure (51) shows the thermogram recorded fo r  PAN,which showed th a t  
PAN was therm ally s tab le  a t  tem peratures up to  the exotherm in i t i a t io n  
tem perature (approximately 510 K), the weight loss observed being only 
1%, Above th is  tem perature, rap id  weight lo ss occurred as the exothermic 
reac tio n  proceeded. At the f in is h  of the exothermic reac tion  the 
to ta l  weight loss was approximately 5eo, although on fu rth e r heating  
the weight loss increased rap id ly .
5 .6 .4  Thermogravimetric analysis o f p a r t ia l ly  cyclised  PAN
Thermograms were recorded fo r n-BuLi tre a te d  samples, in
the same temperature range as used in  the D.S.C. an a ly sis . A ty p ic a l 
se r ie s  o f thermograms are shown in  Figure (52), fo r the experiment 
where n-BuLi concentration = 0.08 mol kg \  a t  293 K, under argon.
The corresponding ex tents of cy c lisa tio n  have also  been quoted.
At the lowest ex ten t o f c y c lisa tio n  (0.28) samples were apparently  
therm ally s ta b le  up to  approximately 523 K. Above th is  tem perature 
an increase  in  the weight lo ss was observed. This ra te  was le ss  
rap id  than the steep weight loss recorded during the exothermic
/o 
W
ei
gh
t 
lo
ss
15-
10 -
300 400 500 600
Temperature (K)
F ig u re  ( 5 1 ) The therm ogram  f o r  PAN re c o rd e d  i n  n i t r o g e n .
4 0 0  500
Temperature ( K)
Figure (52) Thermograms recorded fo r  the products of the 
reac t ion  of PAN so lu t ions  with [n-BuLi] =0. 08 
mol kg. , (1)PCN=0.2 8 , (2)Pr =0.395.(3)PrN=0.519. 
(4)PCN=0.584,(SfpCN=0.671.CN CN
reac tion  in  PM. At la rg e r  ex ten ts of cy c lisa tio n , although increased 
weight loss was observed compared with PAN, a t lower tem peratures, 
the vigorous weight loss associated  with the exotherm was less  apparent. 
The im plication  of these re s u lts  i s  th a t low extents o f c y c lisa tio n  
are s u f f ic ie n t  to  therm ally s ta b i l i s e  PAN with respect to  weight lo ss . 
The thermal s t a b i l i ty  appeared no t to  improve fo r  la rg e r  ex tents of 
c y c lisa tio n , and/or increased in i t i a to r  concentration. As the ex ten t 
o f cy c lisa tio n  is  increased , the temperature a t  which the onset of 
the weight loss occurs, was reduced. Extents of cy c lisa tio n  as high as 
0.584 did no t r e s u l t  in  ca tastroph ic  weight lo ss . Above th is ,  a weight 
loss was apparent from ambient tem perature. I t  was l ik e ly  th a t a t 
higher ex tents o f c y c lisa tio n , w ith correspondingly longer cyclised  
sequences, the p o s s ib i l i ty  of degradation reactions increases, since 
there  would be l i t t l e  scope fo r fu r th e r  cy c lisa tio n  to  occur.
I f  the res idua l DMF observed in  section  (5.4.8) is  taken in to  
account, then a marked d ifference would be observed in  the thermograms 
o f p a r t ia l ly  cyclised  PAN. In the presence of re ta ined  so lven t, there  
would be a weight loss on heating , which could be a ttr ib u te d  to  the 
solvent being d i s t i l l e d  out. Figure (53) shows a p lo t of approximate 
DMF concentration p lo tte d  as a function of ex ten t of cy c lisa tio n .
As the ex ten t of c y c lisa tio n  increases , the possib le  percentage of 
occluded DMF also  increases. This re la tio n sh ip  can be used to  explain  
the apparent reduced thermal s t a b i l i ty  of the products with the h ighest 
extents o f reac tion . I f  the con tribu tion  of occluded DMF to  the thermo­
grams is  removed, the increased thermal s ta b i l i ty  of the p a r t ia l ly  
cyclised  products, in  the exotherm tenperature range, is  dem onstrated^ 
even fo r  the la rg e s t ex ten ts  of cy c lisa tio n .
The thermal s ta b i l i ty  o f a p a r t ia l ly  cyclised  product in  the 
carbonisation temperature range was a lso  investiga ted . Figure (54) shows
0 0.25 0.5
Extent of cyclisation (mole fraction)
F ig u re  ( 5 3 ) P e r c e n ta g e  o c c lu d e d  DMF a s  a  f u n c t io n  o f  th e  
e x t e n t  o f  c y c l i s a t i o n .
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a comparison between the homopolymer, preheated in  n itrogen  a t  493 K 
fo r  1.5 h r . ,  and then programme heated (20 K rain”1) to  1220 K, in  
n itrogen ; and a p a r t ia l ly  cyclised  polymer (extent of c y c lisa tio n  =0.584) 
carbonised d ire c tly  under the same conditions, In the former case, 
l i t t l e  weight loss (2%) was recorded during the low temperature 
treatm ent, A fte r carbonising to  1220 K a s tead y -s ta te  carbon y ie ld  of 
approximately 40% was achieved. In the l a t t e r  case s im ila r weight loss 
c h a ra c te r is tic s  were observed in  the f i r s t  p a r t  of the heating  curve,
(up to  800 K) up to  which po in t approximately 201 weight loss was 
observed. Further weight loss fo r  the p a r t ia l ly  cyclised  product was 
su b s ta n tia lly  less  than recorded fo r  the conventionally s ta b il is e d  
polymer, and a t  1220 K approximately 70% of the o rig in a l sanple was 
l e f t .  However, a s tead y -s ta te  condition was not achieved in  the same 
time as the therm ally s ta b il is e d  homopolymer, and the y ie ld  was s l ig h tly  
higher than the th e o re tic a l carbon y ie ld  fo r  PAN. The re su lts  however 
suggest th a t an improved carbon y ie ld  may be possib le, from a carbonised, 
p a r t ia l ly  cyclised  polymer, but th a t the nature of the product reduces 
the ra te  a t  which non-carbon atoms are expelled on carbonisation , 
increasing  the required  carbonisation  time. This is  an area which 
requ ires fu r th e r  work, since only a cursory examination of the carbonising 
p o te n tia l o f the p a r t ia l ly  cyclised  product has been made.
5 .6 .5  Separation of the c y c lisa tio n  and oxidation reactions in  PAN.
5 .6 .5 .1  Introduction
When PAN is  therm ally tre a te d  in  an in e r t  atmosphere 
a simple c y c lisa tio n  mechanism is  generally  accepted. Heating in  an 
oxidising atmosphere, in  c o n tra s t, re s u lts  in  competing cy c lisa tio n  
and oxidation reac tio n s. The overa ll shape of the exotherms fo r  PAN 
heated in  an oxid ising  atmosphere was found to  be s im ila r to  th a t  of
in e r t ly  tre a te d  PAN, except th a t  the peak maximum temperature was 
displaced to  h igher tem perature,w ith a corresponding increase in  the 
enthalpy recorded. I t  was therefo re  o f in te re s t  to  t ry  and separate the 
cy c lisa tio n  and oxidation reactions in  PAN. This was done i n i t i a l l y  by 
in v es tig a tin g  the thermal p ro p erties  of PAN under a v a rie ty  o f heating 
conditions. A s im ila r in v es tig a tio n  of the chemically cyclised  polymers, w ith 
varying ex ten ts of reac tion  was made, and conclusions as to  the nature 
of the ox idatively  produced exotherm were made by comparing the two 
se ts  o f data .
5 .6.5 .2  Thermal analysis of PAN under a v a rie ty  of heating  
conditions
As previously  reported (section  5 .5 .1 ) in e r t  thermal 
treatm ent of PAN (273-623 K), produces a sharp exotherm with peak 
jnaximum temperature 548 K. Id en tica l treatm ent in  an oxid ising  atmosphere 
re su lts  in  a s h i f t  of the peak temperature to  598 K, while the exotherm 
shape remains b a s ic a lly  the same. In the production of carbon f ib re s , 
the heat evolved during the thermal reaction  must be d iss ip a te d , to 
prevent major d isrup tions to  the f ib u la r  s tru c tu re . For th is  reason, 
the s ta b il is a t io n  process is  ca rried  out under isotherm al conditions.
The f ib re s  are held  a t  498 K, to  reduce the ra te  of heat output, thus 
d iss ip a tin g  the exotherm, without damaging the f ib re . In an oxid ising  
atmosphere, the re s u lta n t ex ten t of c y c lisa tio n  is  su f f ic ie n t  %o 
s ta b i l i s e  the polymer, and enable the f ib re  to  w ithstand the carbonisation  
p rocess.
In order to  assess the con tribu tion  of the various thermal reactions 
to the exotherm, a v a rie ty  of heating schedules were enployed. PAN was 
heated in  both n itrogen  and oxygen (heating r a te =20 K min ^ ) . PAN was
heated to  500 K and held  a t tenperature fo r  20 m in.. This sho rt isotherm al
('57') . .
treatm ent was used since C larke1 J has already shown th a t s u f f ic ie n t
s ta b i l is a t io n  can be brought about under these conditions. The re su lta n t 
pojlymer was quenched to  273 K, and reheated in  oxygen, under the 
standard heating  conditions. In comparison to  th is  treatm ent, PAN was 
heated through the exotherm in  n itrogen , quenched and reheated in  oxygen. 
Figure (55) a se r ie s  o f exotherms produced under these conditions.
I t  was apparent th a t l i t t l e  heat was evolved when isotherm ally  heating 
PAN a t  500 K. Thus by holding a t  temperature ju s t  below the exotherm
in i t i a t io n  tem perature the heat produced could read ily  be d iss ip a ted .
/
Curve (4) shows the re s u lts  obtained by reheating  the iso therm ally  
tre a te d  specimen in  oxygen. A d e f in ite  peak maximum a t  598 K was 
recorded, although i t s  in te n s ity  was su b s ta n tia lly  less  than the 
corresponding value fo r  the oxidised polymer. The broadening occurred 
a t lower tem peratures, in  the range 423-548 K. A discem able maximum 
is  apparent a t  approximately 538 K. The area enclosed by the exotherm 
probably corresponds w ith the cy c lisa tio n  of any res id u a l n i t r i l e  groups 
remaining a f te r  the isotherm al treatm ent. Oxidation can take place 
over a wider temperature range, since p a rts  o f the s tru c tu re  have already 
been cyclised . Competition between the c y c lisa tio n  and oxidation reactions 
was s t i l l  apparent. Curve (5) shows the e ffe c t of heating  through the 
exotherm in  n itrogen , p r io r  to  ox id ising  the sanple. The trend  previously  
discussed was reversed. The peak broadening was s t i l l  apparent, bu t in  
th is  case, a.peak maximum a t 498 K was observed, w ith a shoulder a t  
598 K. The conclusion drawn fo r  th is  observation was th a t once the 
cy c lisa tio n  reac tion  had occurred, the oxidation reaction  could be 
induced a t  a much lower tem perature.
To take the in v estig a tio n  one stage fu r th e r , the e ffe c t  o f the 
isotherm al treatm ent time was stud ied . Figure (56) shows a se r ie s  o f 
exotherms fo r  PAN heated in  oxygen, as a function of the time o f the 
p r io r  isotherm al treatm ent. The dominant peak maximum a t 598 K remained
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constant. As the isotherm al treatm ent time increased, the peaks broadened. 
The magnitude of the components w ith peak maximum temperature a t  598 K 
decreased. A fte r an isotherm al treatm ent time of 20 min. a d e fin ite  
shoulder had developed on the main exotherm (temperature approximately 
500 K), The decrease in  magnitude of the peak a t  598 X was accompanied 
by an increase in  in te n s ity  of the shoulder.
A s im ila r s e r ie s  of experiments was investiga ted  fo r  p a r t ia l ly
cyclised  PAN, w ith varying ex ten ts of c y c lisa tio n . Figure (57) shows a
se r ie so f  traces  obtained fo r  PAN heated in  n itrogen , a f te r  the reac tio n
-1with n-BuLi (concentration =0.08 mol kg , a t 313 X). As previously 
observed, the in te n s ity  of the exotherm decreased w ith increasing  ex ten t 
of c y c lisa tio n . The res id u a l enthalpy decreased correspondingly. Figure (5$) 
shows the corresponding traces  obtained when s im ila r samples were 
heated in  oxygen.Whereas a d is t in c t ,  decreasing exotherm was observed 
on heating  in  n itrogen  fo r a l l  ex ten ts of cy c lisa tio n , a s im ila r , w ell 
defined peak was only observed on heating  in  oxygen fo r  small ex tents 
of cy c lisa tio n . As the ex tent of c y c lisa tio n  increased , the curves 
became less  w ell resolved. A d is t in c t  exotherm was not apparent, ra th e r  
a gradual s h i f t  of the baseline  was more obvious.
Figures (59) and (60) show the traces obtained when p a r t ia l ly  
cyclised  PAN has been programme heated in  oxygen a f te r  previous isotherm al 
treatm ent a t  498 X in  n itrogen , and a f te r  heating  through the exotherm, 
resp ec tiv e ly . The poor reso lu tion  of the traces made ca lcu la tio n  of 
the en thalp ies o f reaction  inpossib le . When heating  the sanples in  oxygen, 
a f te r  p r io r  isotherm al treatm ent, the onset of heat evolution was not 
appreciably ev iden t, but occurred a t  approximately 473 X. In c o n tra s t, 
reheating  the samples in  oxygen a f te r  p reviously  heating through the 
exotherm in  n itrogen , re su lted  in  heat evolution a t  tem peratures below 
373 X. In th is  l a t t e r  case, heating  of the p a r t ia l ly  cyclised  polymer
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through i t s  exothem , should consume a l l  the reactab le  n i t r i l e  groups. 
Thus reheating  in  oxygen was so le ly  a ttr ib u te d  to  oxidation, which 
could be in i t ia te d  a t  a lower tem perature.
CHAPTER 6 DISCUSSION
6.1 In troduction
The preceeding chapter has presented a se r ie s  of re s u l ts  ind ica ting
th a t PAN can be cyclised  in  the presence of ad d itiv es . The c y c lisa tio n
reac tio n  in  PAN induces thermal s t a b i l i ty  and is  extremely important
to  the production of carbon f ib r e s . Therefore, the reac tion  of PAN with
n-BuLi must be considered both in  terms of the reac tio n  mechanism,
deduced from the id e n tif ic a tio n  of the interm ediate s tru c tu re s , and
the s u i ta b i l i ty  of the process as an a lte rn a tiv e  to  thermal s ta b i l is a t io n
re a c tio n ,a t  498 K. The thermal reac tio n  in  an in e r t  atmosphere, is
b e tte r  characterised  than th a t under oxidative conditions,and the
s tru c tu re  is  considered to  consist of sho rt sequences of condensed
f31-351naphthyridine r in g s v J produced by the add ition^ , polym erisation
of the pendant n i t r i l e  groups. The e ffe c t of oxygen, comonomers,
add itives and any im purities p resen t in  commercial a c ry lo n itr i le  polymers
are complex, and thus the s tru c tu re  is  le s s  w ell charac terised . -The 
Mmany workers have studied  the s ta b i l is a t io n  reac tio n , under a v a rie ty  
of experimental conditions, and most make use of PAN in  the form of 
powders, f ib re s  or film s. In c o n tra s t, so lu tion  stud ies were favoured 
by Kubasova , B erlin and Y akobashvili^^^ . The d if fe re n t
experimental techniques may be responsib le  fo r the v a rie ty  of 
degradation mechanisms proposed.
In order to  study the reac tio n  of PAN with add itives the reac tio n  
medium and experimental techniques had to  be c a re fu lly  considered. I t  
was important to  use experimental conditions which would ensure 
reproducible r e s u l ts .  The PAN used throughout was made by ra d ic a l 
polym erisation in  the presence of a solvent w ith mild tra n s fe r  p ro p e rtie s , 
so th a t the average degree of polym erisation was co n tro lla b le .
In add ition , the side  reactions responsib le  fo r  abnormal s tru c tu re s  in  
the polymer were lim ited  by term inating the reaction  a t  conversions of 
25%. Therefore a w ell characterised  polymer was used throughout th is  
in v es tig a tio n .
Two methods o f incorporating add itives in to  the polymer were con­
sidered
(1) by add ition  to  the  bulk polymer
(2) by add ition  to  polymer so lu tions
The r a te  o f reac tio n  is  con tro lled  by the ro ta tio n  about the sk e le ta l 
bonds of the polymer backbone, to  bring the adjacent n i t r i l e  group in to  
a reac tab le  p o s itio n . A so lu tion  technique was therefo re  chosen since 
a low reac tio n  temperature could be used,due to  the increased chain 
m obility  in so lu tio n . Furthermore, a low reac tio n  temperature reduces 
the  incidence of side reac tio n s,w ith  high a c tiv a tio n  energies,from  
obscuring the cy c lisa tio n  reac tio n . The incorporation of add itives 
in to  a polymer so lu tio n  a lso  ensures uniform d ispersion  and reproducible 
r e s u l ts .
(29)In co n tra s t to the so lu tion  technique, G rassiev , who inv estig a ted  
the e ffe c t of a wide range of ad d itiv es , used a bulk technique, which 
re lie d  upon the intim ate mixing of an add itive  with the so lid  polymer.
A nonuniform reac tio n  could re s u l t ,  since the add itive  could re a c t 
p re fe re n tia l ly  a t p a r t ic le  su rfaces, ra th e r  than in  the bulk of the 
m a te r ia l.
In conclusion, so lu tion  stud ies were thought to  be more su itab le  
fo r studying the reac tio n  of chemical in i t ia to r s  of the c y c lisa tio n  of 
PAN. By c a ta ly tic a lly  reacting  PAN with add itives in  so lu tio n , a t  
re la t iv e ly  low tem peratures, the reac tio n  was more rea d ily  con tro lled  
and reproduced. The re su lta n t products were then charac terised  using a 
combination of techniques. Sampling the reac tio n  a t various in term ediate
stages enabled the reaction mechanism to be established.
Although so lu tio n  chemistry was su ita b le  fo r studying the chemical 
reac tio n , i t  must be acknowledged th a t reac tions in  th is  medium are 
lik e ly  to  be su b s ta n tia lly  d if fe re n t from those which occur in  s tre tched  
f ib re s .  This f a c t  must ■’■herefore be remembered when considering the 
s u i ta b i l i ty  o f using a chemically s ta b il is e d  PAN f ib re s  as precursors 
to  carbon f ib re  form ation.
6.2 Q ua lita tive  e ffe c t of add itives
The re s u lts  reported  in  sec tion  (5.2) showed th a t a wide v a rie ty
of add itives coloured PAN so lu tions , producing a s im ila rly  wide v a rie ty
of co lours. Sodium metal was found to  colour PAN so lu tions rap id ly .
Marked sp e c tra l changes were a lso  observed even a f te r  very sh o rt reac tio n
tim es. As the reac tio n  progressed, the n i t r i l e  concentration and the
re s id u a l enthalpy, recorded on reheating , both decreased. Since more
than one n i t r i l e  group per sodium ion disappeared, oligom ersation of
the n i t r i l e  groups was concluded. However the in i t ia t io n  mechanism was
d i f f ic u l t  to  id e n tify . In the f i r s t  in stance, a simple ion ic  mechanism
was hypothesised. This simple approach was complicated by the  possib le
reac tio n s on d isso lu tio n  of sodium in  IMF, to  produce the in i t i a t io n
fl l2) .so lu tio n . I t  has been reported th a t  IMF behaves as an aldehydev J in  
many of i t s  reac tio n s , w ith the carbonyl group undergoing nucleoph ilic  
a t t a c k A  possib le  reac tio n  is  suggested in  Figure (61) which is  
the conventional Mkety l"  reac tio n  of DMF with potassium and sodium. 
Although no study of th is  reac tio n  was made, any such reac tio n  would 
obscure the id e n tity  of the in i t ia t in g  species. Therefore a reac tio n  
mechanism was not developed fo r the reac tio n  of sodium so lu tions in  
IMF on the c y c lisa tio n  of PAN.
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Subsequent reactions were c a rried  out using a w ell characterised  
ion ic  in i t i a to r ,  whose chemistry was le ss  obscure. Anionic polymer­
isa tio n s  tend to  be le s s  complex than ca tio n ic  or free  rad ic a l reactions 
in which tra n s fe r  i s  more l ik e ly . n-BuLi has been used to  polymerise AN 
an io n ica lly  a t  low temperature in  po lar so lven ts , and the  re su lta n t 
polymer i s  reported (61*62) be yen 0w in  colour, of low molecular 
weight and sometimes soluble in  acetone. Termination involved c y c lisa tio n  
of the  growing anion w ith the  adjacent n i t r i l e  group to  produce a 
chromophoric end-group. The proposed term ination reac tio n  with n-BuLi 
fo r th is  process can be seen in  Figure (62). Overberger e t  a l . ^ ^  
proposed a s im ila r term ination mechanism fo r PMAN. However, M iller 
was able to  prepare samples of PAN w ith a wide range of molecular 
w eights, a l l  of which were white in  colour.
The fa c t th a t n-BuLi produces cyclised  chromophoric species on reac tio n  
w ith AN led  to  the conclusion ; th a t i t  could probably i n i t i a t e  the cy c lisa ­
tio n  reac tio n  in  PAN. I t  had already been shown th a t n-BuLi successfu lly  
colours PAN so lu tions (section  5 .4 .2 ) .
Other organom etallic compounds have a lso  been used to  study
f94 951co lo ra tion  and degradation in  PAN/IMF so lu tio n s . F ried re ich v ’ J
produced coloured polymers by the reac tio n  o f PAN with tr ib u ty ltin m eth -
/
oxide, the reac tio n  mechanism is  shown in  Figure (17) (section  2 .5 .4 ) .
Thus i t  was concluded th a t organom etallic compounds are e ffe c tiv e  
c y c lisa tio n  in i t i a to r s .  Table (3) (section  5.4 .2) has shown th a t n-BuLi 
e ffe c tiv e ly  colours PAN a t  a ra te  which could be recorded using a 
sampling technique. I t  was therefo re  used to  i n i t i a t e  the production 
of cyclised  polymers, whose s tru c tu re s  could be elucidated  a t  various 
stages of the reac tio n , enabling a reac tio n  mechanism to  be proposed.
6.3 Structure produced by the reaction of PAN with ri-BuLi
6 .3 .1  In troduction
The s tru c tu re s  of the polymers produced by the reac tio n  of PAN 
w ith n-BuLi were determined using a combination of spectroscopic techniques. 
An iso la te d  spectroscopic method, such as in fra red , could not be re l ie d  
upon to  unambiguously e s ta b lish  the s tru c tu re  of the reacted  polymer.
The possib le  unsaturated  groups which could re s u l t  from the reac tio n  
absorb in  the same sp e c tra l region. For th is  reason in fra red  spectroscopy 
was used in  conjunction with u l tr a v io le t  absorption spectroscopy and 
H’-nuclear magnetic resonance techniques in  order to  determine the 
s tru c tu re s  produced. Gel permeation chromatography was used to  monitor 
the in te g r ity  of the re s u lta n t polymers, while elemental analysis estab ­
lish ed  to  elem ental proportions throughout the reac tio n .
6 .3 .2  Q u a lita tiv e  in fra red  spectroscopy
6 .3 .2 .1  In troduction
The re s u lts  presented in  sec tion  (5.4.3) ind icated  th a t 
noticeab le  sp e c tra l changes occurred when PAN so lu tions were tre a te d  
with n-BuLi, as compared w ith the spectrum of the homopolymer. The major 
regions of in te re s t  in  the spectra  recorded, as fa r  as s tru c tu ra l  
e lu c id a tio n  is  concerned, are the broad band developed between 3700- 
3100 cm \  the peak which appeared a t  2200 cm \  and the se r ie s  of 
overlapping peaks in  the 1700-1200 cm  ^ reg ion . Therefore, in  order 
to  id en tify  s tru c tu re s  produced by the rea c tio n , the absorbing species
a t  these various wavenumbers must be estab lished .
{'57')
Clarke^ J ex tensively  reviewed the various assignments of the peaks 
produced when PAN is  heated in  both in e r t  and oxidising atmospheres.
Table (5) has already l is te d  a summary of assignments made fo r the 
peaks developed during the thermal reac tio n . For s im p lic ity , Table (17)’ 
summarises the assignments of the peaks of p a r tic u la r  in te re s t  to  th is
INFRARED PEAK ASSIGNMENTS
INERT OXIDISING
3^ 00-3200 NH 3600-3200 NH
1670-15A0 C=N* 3380-3100 OH
nh2 1720- 15A0 0110
c=c C=N
NHX
* non  c o n ju g a te d  
o r
c o n ju g a te d
C=C
NH
C=N-H
T ab le  (1 7 ) Summary o f  th e  m a jo r  IR p eak  a s s ig n m e n ts .
INFRARED PEAK POSITIONS
OBSERVED OBSERVED
3420 3390
3360 3356
3250 3230
2200 2198
I 670 1610
1580 1575
1510 1485
1380 1385
1330 1325
1300
1250 1250
1090 1150
660 750
T a b le  (1 8 ) C om parison  o f  p e ak s  o b se rv e d  f o r  PAN r e a c t e d  w i th  
n -B u L i, and PAN r e a c t e d  a t  A73 K u n d e r  re d u c e d  
p r e s s u r e  ( 51)•
(571discussion , although no reference was made in  C larke’s  ^ J summary to
the peak observed 2200 cm
( 5 7 )
Since C larke ' s J review, more d e ta ile d  in fra red  s tud ies  of the
therm al rea c tio n  have been c a rried  ou t. Stupp and C a r r s t u d i e d  
the in fra red  response of heat tre a te d  PAN film s, while Coleman and 
P e tc a v ic h ^ ^  have reported  superio r spectra  using the more se n s itiv e  
Fourier Transform in fra red  spectroscopy technique fo r a s im ila r an a ly sis .
Before en tering  in to  a d e ta iled  d iscussion  of peak assignments fo r 
the regions of the  spectra  of in te r e s t ,  i t  i s  in te re s tin g  to  compare 
a ty p ic a l spectrum produced by the rea c tio n  of PAN with n-BuLi, w ith a 
spectrum reported  by Coleman and P e tc a v ic h ^ ^  fo r PAN therm ally 
degraded under reduced p ressu re . Table (18) summarises the new peaks 
developed during both re a c tio n s . The s im ila r i t ie s  in  the spec tra  are 
immediately apparent. I t  i s  therefo re  u sefu l to  use th is  as a b asis  
fo r d iscussing  the s tru c tu re  produced by the chemical rea c tio n , in  
re la t io n  to  the thermal degradation of PAN.
6 .3 .2 .2  The 3700-3000 cm  ^ band
Table (17) shows th a t the absorptions in  th is  region have 
been a ttr ib u te d  to  -NH and OH groups. Section (5.4.3) has shown th a t 
OH con tribu tion  to  the sp ec tra l of n-BuLi tre a te d  PAN was minimal. 
Therefore i t  was concluded th a t th is  absorption was due p rim arily  to 
NH groups. Clarke and Koenig have s im ila rly  assigned such
absorptions, a lso  proposing s ig n if ic a n t interm olecular assoc ia tion  of 
the -NH groups (possibly im ines). Coleman and P e tc a v ic h ^ ^  detected  
a doublet in  th is  reg ion , a t  3390 and 3356 cm \ f o r  therm ally degraded 
PAN under reduced p ressu re . This band is  purported to  be ty p ic a l of 
primary amines f and so they assign th is  absorption to both NH 
and NH2 s tre tch in g  modes.
The model compound A (8,9)-oct-hydro-7-quinoline  ^ 1 }  ^een 
to  study th is  region of the specturm. The N-H absorption is  reported 
a t  3405 cm Since no band is  observed a t  3600 cm-  ^ a keto-enol 
tau tom erisation  has been proposed. For th is  reason i t  was concluded 
th a t  the absorption centered a t  approximately 3230 cm ^ fo r theim ally
('51')
degraded PAN was u n lik e ly  to  be associated  w ith an imine type s tru c tu re  .
( 1 2 2 ')Brown e t  a l.'*  J summarised the bahaviour of 5 and 6 membered ring  
compounds and proposed th a t  the enamine s tru c tu re , ra th e r  than the 
exocyclic imine s tru c tu re 5would be favoured fo r  therm ally degraded PAN. 
F urther evidence to  support th is  assignment was obtained by exposing 
degraded film s to  D2O. The doublet previously  observed centred a t 
3370 cm \  was elim inated, while the peak a t  3230 cnT^ was considerably 
reduced. These observations were concluded to  be co n sis ten t w ith the 
assignment of th is  peak to  primary and secondaiy amines, because 
deu teration  treatm ent should a ffe c t  the absorptions o f amines. The 
s tru c tu re  produced by the reac tio n  w ith n-BuLi was not appreciably 
oxygen s e n s it iv e , as ind icated  by rep ro d u c ib ility  of the spectra  a f te r  
extended storage in  the atmosphere. Therefore the imine-enamine 
tau tom erisa tion  was considered to  be le ss  l ik e ly , based on the oxygen 
s e n s i t iv i ty  of the enamine group, which is  reported  to  re a c t to  produce 
the  pyridone-type s tru c tu re . The reac tio n  w ith n-BuLi has been 
k i l le d  by p re c ip ita tio n  in to  methanol. Termination occurs by hydrogen 
tra n s fe r  to the growing anion, to  produce an NH group. Therefore in  the 
absence of tau to  m erisation imine groups w ill  be produced. No evidence . 
of a change in  proton d is tr ib u tio n  which could account fo r  tau to  m erisation  
was observed in  the H’-NMR sp ec tra .
F in a lly  the  nature of the broad band a t 3230 cm  ^ is  thought to  be 
ty p ica l of an absorption in  which H-bonding is  s ig n if ic a n t . While
Coleman and Petcavich^*^ rep o rt a doublet a t  3390 and 3356 cm  ^ fo r  
therm ally degraded PAN, the spectrum of n-BuLi trea te d  PAN shows two 
d is t in c t  peaks a t  3420 and 3360 cm The fine  s tru c tu re  observed 
could be explained by the presence o f in te r -  or in tra-m olecular 
H-bonding. This p o s s ib i l i ty  i s  discussed in  g rea te r depth in  sec tion  
(6 .3 .2 .4 ) .
6 .3 .2 .3  The 1700-1200 cm-1 band
This highly developed region of the spectrum has been 
variously  assigned by workers on the  basis  of a v a rie ty  of experimental 
r e s u l ts .  ^The peaks in  the 1800-1500 cm  ^ region have been assigned to  
C=C, C=N and C=0 s tre tch in g  modes and to  NH in  the plane bending mode. 
Apart from the proposed s tru c tu re s  of Schurz^et a l .  (43,44) Conley 
e t  a l .  a l l  the others contain conjugated it bonds (e ith e r  CO or 
C=N), and the broad in tense band in  the range 1600-1560 cm ^ is  
assigned to  th e ir  s tre tch in g  frequencies. However i t  i s  very
d i f f ic u l t  to  d is tin g u ish  between (CO) and (C=N) absorp tions. Stupp and
(117) -1C arrv J have reported  th a t the absorptions near to  1600 cm
appeared p rogressively  when PAN was heated rap id ly  to  200°C, p r io r  to
any reduction in  the absorbance of the n i t r i l e  groups. A s im ila r
observation was reported  by Conley e t a l .
Since i t  i s  generally  accepted th a t (C=N) s tre tc h in g  absorptions
occur above 1600 cm  ^ 0-20,123)^ stupp and C a r r ^ ^  assigned the
absorption observed between 1625 and 1610 cm  ^ to  the (C=N) s tre tc h in g
-1mode. The broad peak recorded near 1600 cm , observed p r io r  to  any 
de tec tab le  n i t r i l e  reac tio n  was presumably a ttr ib u te d  to  unsaturated  
(C=C) bands. This led  to  the conclusion th a t therm ally degraded PAN, 
probably co n sis ts  of a mixture of (C=N) and unsaturated (C=C) bonds„ 
However, th e ir  paper does not rep o rt a heating ra te  from which th is  
l a t t e r  conclusion was drawn. I t  i s  possib le  th a t very rap id  heating
could induce p re fe re n tia l  chain sc iss io n , ra th e r than promoting n i t r i l e
polym erisation. Since no change in  the Q^tCH proton r a t io  was detected
fo r  the  n-BuLi in i t ia te d  reac tio n , the assignment of absorptions in  th is
region to  unsaturated  (C=C) bands was discounted. Coleman and
P e tc a v ic h ^ ^  observed an in tense doublet a t  1610 and 1575 cm which
was s ig n if ic a n tly  a ffec ted  in  the presence of D2O, fo r PAN therm ally
degraded under reduced p ressure . Further i n v e s t i g a t i o n s u s i n g
cc-d PAN confirmed th a t  the NH bending mode was responsible fo r  the 1585 cm ^
(71Vpeak, which agreed w ith the assignment made by Grassie and McGuchan^ J .
Danner a lso  reported  the doublet and concluded th a t i t  re su lte d  from
the he te rocyclic  s tru c tu re  produced by the c y c lisa tio n  reac tio n . He
therefo re  assigned the peak a t  1610 cm ^ to  the conjugated (C4N) double
(71)bond. G rassie and McGuchanv , in  c o n tra s t, d id not d is tin g u ish
A
between the conjugated (C=C) and (C=N) bonds when assigning the peak 
a t 1610 cm
Stupp and C a r r ^ ^  also  observed peaks a t  1610 and 1575 cm \
which they d istingu ished  from th e ir  previously  discussed absorption
between 1625 and 1610 cm The peak a t 1610 cm ^ was assigned to  a
mixed mode, predominantly C=0 s tre tc h in g , in  conjugation w ith a C=C
stre tc h in g  v ib ra tio n . The 1575 cm  ^ peak was a lso  a mixed mode,
predominantly C=C s tre tch in g  and, as previously  discussed, NH bending
v ib ra tio n s . The in fra red  spectrum of the  enamine A (8,9)-octohydro-7- 
(121)quinoline '' J was again used as evidence to  confirm these assignm ents, 
since  C=0 and CO stre tch in g  frequencies were recorded a t 1610 and 1585 cm  ^
re sp ec tiv e ly . In the absence of oxygen in  the reac tio n  medium, however, 
the  CO assignment can be ignored.
Retained IMF can a lso  influence th is  region of the spectrum. I t s
c h a ra c te r is t ic  absorptions are the carbonyl group a t  1660 cm“  ^ and methyl
-1 (117)groups a t  1385 cm . These were apparent in  Stupp and Ca r r ’s^ J r e s u l ts
who therm ally degraded PAN film s from which i t  was d i f f ic u l t  to  
remove a l l  the DMF. Therefore i t  i s  a lso  possib le  th a t the peak 
observed a t  1670 cm ^ in  n-BuLi trea te d  specimen is  a re s u l t  of the 
presence of a small amount of occluded IMF, desp ite  extensive 
freeze-dry ing . Removal of the so lvent molecules from a m atrix of 
PAN i s  d i f f ic u l t  owing to  the strong molecular in te rac tio n s  between 
the  IMF, a h ighly  po lar molecule, and PAN macromolecules which 
contain  the strong n i t r i l e  d ipo le .
In conclusion, the  absorptions in  th is  region are predominantly 
assigned to  (C=N) s tre tc h in g , and NH bending modes. The (C=C) 
assignment i s  improbable considering the evidence from the H’-NMR 
since sec tion  5.4.6 ind icated  th a t the proton r a t io  (CH :^CH) remained 
constant throughout the reac tio n . A change in  th is  r a t io  is  a p re ­
re q u is ite  to reac tion  of the backbone to  produce (C=C) bonds.
6 .3.2.4 The 2200 cm  ^ peak
The re s u lts  in  sec tion  5.4.3 ind icated  th a t an absorption 
developed a t  2200 cm  ^ in  th e .in fra red  spectrum of n-BuLi tre a te d  PAN, 
immediately a f te r  in i t ia t io n .  The in te n s ity  of the peak increases as 
the reac tio n  proceeds, and u ltim ate ly  tends to  a lim iting  value. ‘ In 
co n tra s t, although Coleman and Petcav ich^"^  reported  a s im ila r absorp­
tio n , Table (18), i t s  in te n s ity  was reported ly  weak. The s h i f t  in  the 
absorption wavenumber i s  only 40 cm ^ with respec t to  the standard 
n i t r i l e  s tre tch in g  frequency and is  probably a r e s u l t  of an environ­
mental change a ffec tin g  some of the unreacted n i t r i l e  groups during
f57")
the reac tion . In fac t Clarke'- J concluded th a t th is  peak was due 
to  n i t r i l e  groups affected  by adjacent cyclised  sequences. C la r if ic a ­
tio n  of the assignment of th is  peak is  important since i t s  in te n s ity  
and ca lcu la ted  ex tin c tio n  co e ffic ien t have been used to  quantify  the
c y c lisa tio n  reac tio n  (section  5.4) .
A v a rie ty  of suggestions have been made in  the l i t e r a tu r e ,  fo r
the  assignment of the peak a t  2200 cm
(117)Stupp and C arrv J concluded th a t cyanide ions could be
generated during the thermal reac tio n , p a r t ic u la r ly  in  the presence
of DMF, which was thought to  cata lyse  th e ir  production. However, i t
was not c le a r  whether the absorption was a ttr ib u te d  to  a cyanide ion
which had in i t ia te d  a cy c lisa tio n  reac tion  or an unsaturated  n i t r i l e .
They argued th a t  the magnitude of the s h i f t  w ith respect to  the 2240 cm ^
peak was in d ica tiv e  of a change in  s ta te  of the n i t r i l e  groups.
Frequency s h i f ts  fo r the n i t r i l e  s tre tch in g  absorption ranging from
25-35 cm  ^ have been r e p o r t e d f o r  small m olecules, as a r e s u l t  of
the n i t r i l e  groups being conjugated w ith C=C groups. Therefore n i t r i l e
groups conjugated with species re su ltin g  from dehydrogenation of the
backbone could be a possib le  explanation. Other workers a lso  suggest
th a t  such conjugated n i t r i l e s  are charac terised  by s a t e l l i t e  bands a t
2200 cm  ^ (32,109) 2215 cm  ^ p a r t ic u la r ly  in  the sp ec tra  of PAN
film s degraded in  a i r .  Since the s h i f t  in  absorption fo r  the second
peak in  th is  study was la rg e r than the s h if ts  reported above, the
assignment was not considered to  be applicable to  the reac tio n  of
(72)PAN w ith n-BuLi. When Johnson e t  a l .  J observed a s im ila r peak a t  
2185 cm  ^ on tre a tin g  PAN film s with excess NaCN, i t s  presence was 
assigned to  a conjugated n i t r i l e  group. Cyanide end-groups r e s u l t  
from the reac tio n  and would be conjugated w ith the developing 
cyclised  sequence, as shown in  the following diagram:
CH
\  /  
¥
C N ^ N
\  /  
CH
CH
C
C
r crc i
e C
N CN N N
In  the  absence o f sa tu ra ted  n i t r i l e  species in  the reac tio n  with 
n-BuLi, th is  assignment was a lso  discounted.
Other species which could be responsible fo r  th is  absorption 
are isocyanides, or n i t r i l e s  in  highly e lectronegative  environments. 
Some enam inonitriles have been reported  bo absorb a t  2180 an”^ ^ ,  
and ^nmonium s a l ts  of tricyanom ethyl anions, where 3 n i t r i l e  groups ? 
which su b s titu te  the same carbon atom^cause a strong n i t r i l e  band a t 
2 180cm jn 0£ th ese case s , the in te n s ity  of the 2185 cm ^
peak suggested th a t cyanide -ions were generated during degradation. 
However, the mild experimental conditions used fo r the reac tio n  of 
PAN with n-BuLi is  un like ly  to  lead to  the c a ta ly tic  production of 
cyanide io n s .
Protonated imine groups (immonium s a l ts )  are a lso  characterised  
by severa l bands in  the t r ip le  bond region of the spectrum (2200 - 
1800 cm ^) Although imine groups (!>C = N-H) absorb in  th is
region, and are thought to  term inate the cyclised  sequences, no 
evidence fo r  protonated imine groups was observed. Protonated ladder 
polymer which would contain protonated conjugated imines should absorb 
a t 2500-2325 cm Inorganic isocyanate ions a lso  absorb in  the 
region 2220-2130 cm The reac tio n  of organic n i t r i l e s  in  the 
presence of oxygen in  a basic  medium could produce a species o f th is  
type. However, the absence of oxygen in  the reac tio n  medium
precludes the formation of s im ila r species in  cyclised  PAN.
When PAN i s  therm ally degraded over the temperature range 473-723 K 
sm all amounts of hydrogen cyanide have been d e te c te d .(36,55,128-130) 
Also i f  the thermal reac tio n  is  not co n tro lled , low molecular weight 
n i t r i l e  containing fragments can be produced. However the GPC re s u lts  
have shown th a t fragm entation has not occurred during the reac tio n  of 
PAN w ith n-BuLi. Therefore absorptions due to  species of th is  nature 
can be discounted.
Simple inorganic cyanides absorb a t  2100 cm-1(120,131} . However,
under c e rta in  conditions these absorptions can occur a t  higher wave­
leng ths, depending on the degree of covalency of the bond, i . e .  
nearer the organic n i t r i l e  reg ion . Copper, mercury and n ick e l s a l ts
rea c tio n  environment, and th is  assignment can s im ila rly  be discounted.
s e l f  in i t i a t io n  mechanism of thermal c y c lisa tio n . The im plication  is
an absorbance when AN was polymerised with sodium d ig lycidy l e ther of 
Bisphenol ’A' copolymer with isoprene. The absorption was assigned to  
an enam inonitrile , because a sim ila r r e s u l t  is  observed when p roprio - 
n i t r i l e  is  reacted  w ith n-BuLi and was absent when copolymerised w ith 
m eth ac ry lo n itrile . I t  is  an example of the Thorpe rea c tio n , which 
occurs v ia  proton ab strac tio n  from the a-carbon, followed by carbanion 
a ttack  a t  a second n i t r i l e .  For p ro p r io n itr ile  the tautom eric enamine 
re s u l ts
-1  -1  -1  are reported  to  absorb Tt 2160 cm , 2180 cm and 2176 cm
resp ec tiv e ly . However, these species are absent from the
Coleman and P etcav ich^"^  assign the 2200 cm  ^ peak to  the cyclic
(19*)
im in o n itr ile  s tru c tu re  which Grassie^ J previously  proposed in  the
th a t tautom erisationproduces the 3-amino unsaturated n i t r i l e  which
-1 fi321could absorb a t  2200 cm .Cuncliffe  ^ J e t  a l .  s im ila rly  reported
CH3-C H -C -C 2H5 
CN NH CN A NH2
I f  a conventional ion ic  in i t ia t io n  mechanism is  proposed fo r  the  .• 
reac tio n  of PAN with n-BuLi (see sec tion  6.4) ,  w ith term ination  brought 
about by the add ition  of methanol, then imine end-groups would be
expected by the following reaction
In th is  case the environment of the adjacent n i t r i l e  could be 
a ffec ted  i f  intram olecular a sso c ia tio n  (hydrogen-bonding) is  present 
in  the  polymer chain. Interm olecular a ssoc ia tion  would not produce 
two d is t in c t  absorptions in  the spectrum.
Therefore, by considering a l l  the proposed assignments fo r  th is  peak 
made in the l i te r a tu r e ,  i t  was concluded th a t  the term inal imine group 
produced is  associated  w ith the adjacent n i t r i l e  group by hydrogen- 
bonding, re su ltin g  in  two d is t in c t  n i t r i l e  peaks in  the spectrum.
This conclusion was p a r tic u la r ly  applicable considering the re la tiv e ly  
mild experimental conditions used to  i n i t i a t e  the c y c lisa tio n  reac tio n .
Possible c a ta ly t ic  reactions would be more l ik e ly  a t higher tem peratures.
(57')Clarke*sv J conclusion th a t the n i t r i l e  environment a ffe c ts  i t s  
absorption was confirmed. The environment, in  th is  case, is  the 
proposed presence of intram olecular hydrogen-bonding.
6.3.2.5 The hydrogen bonding argument
Although sp e c tra l evidence favoured the presence of in t r a ­
molecular hydrogen-bonding, in  p rac tice  th is  proved d i f f ic u l t  to  
su b s ta n tia te  conclusively .
The presence of the broad, s tru c tu red  bond in  the 3700-3000 cm  ^
ind ica tes the possib le  presence of hydrogen-bonded NH groups. Hydroxyl 
groups which are s im ila rly  hydrogen-bonded are reported ly  ch arac te rised  
by broadening in  th is  region. (133,134) Hydrogen-bonding may be p resen t 
e ith e r  as in te r -  or intra-m olecular bonding. However, when the  spectra
of tre a te d  polymers were recorded in  d ilu te  so lu tion  (section  5.4.4)
the peak a t  2200 cm \  the broad NH bond were both s t i l l  p resen t.
As interm olecular hydrogen-bonding is  le ss  p e rs is te n t ,  using d ilu te
so lu tions should e ith e r  reduce i t s  e ffe c t or remove i t  a lto g e th e r.
Since th is  was no t the case the more p e rs is te n t  intra-m olecular H-bonding
is  therefo re  favoured.
Intram olecular H-bonding occurs when one proton donor and one
proton acceptor, on the  same molecule, are in  a favourable sp a tia l
configuration . The d istance between such a donor and acceptor must
o
be between 1.4 and 2.5 A. Dreiding models confirm th a t  the proposed
s tru c tu re  of an NH group hydrogen bonded to  an adjacent n i t r i l e  group
is  possib le  since the d istance  between the donor and acceptor is  w ith in
th is  range. For a ty p ica l value of hydrogen-bond length  the ladder
molecule w il l  be bent out of plane a t  th is  p o in t.
The possib le  e ffe c ts  of hydrogen bonding on the in fra red  spectrum
(135^can be b r ie f ly  summarised^ 3 . A proton donor (A-H) and an acceptor 
(B) produce H-bonded complex A-H. ..B. The absorption due to  the A-H 
s tre tch in g  v ib ra tio n  i s  sh if te d  to  lower frequencies, 30-several 
hundred cm \  because of the lower force constant fo r the A-H bond.
These absorption bonds are much broader. On the o ther hand, the A-H 
deformation modes are sh if te d  to  higher frequencies but to  a le s se r  
ex ten t. New v ib ra tio n a l modes corresponding to  H. . . .B s tre tch in g  and 
deformation are found a t  lower frequencies in  the f a r  in fra red  region .
Experimental proof fo r the presence of H-bonding proved very 
d i f f ic u l t ,  since i t  i s  p resen t immediately a f te r  in i t ia t io n .  Therefore 
the only su ita b le  method of e stab lish in g  i t s  presence was to  elim inate 
the s tru c tu re  responsib le .
The most successful technique proved to  be q u a tem isa tio n  of a 
so lu tio n  of reacted  polymer with a strong inorganic acid . This
-1technique should cause the disappearance of the 2200 cm , and a 
corresponding increase  in  absorbance a t  2240 cm The increase w ill
be sm all, however, because of the d ifference  in  the ex tinc tion  
c o e ff ic ie n ts  (section  5 .5 .1 ) . The 2200 cm * peak did not disappear 
completely (section  5 .4 .4 ) , although i t s  in te n s ity  was g rea tly  
reduced compared with the un trea ted  specimen. Peaks a lso  developed 
a t  2780, and 1790 cm A s h i f t  in  the broad peak centred a t  1660 cm  ^
to  lower wavelengths. These peaks ind icated  th a t qua te rn isa tio n  of the 
imine/amine groups had occurred, since they are assigned to  species 
such as ammonium NR^  groups. The presence of the small peak a t  
2200 cm  ^ could be explained by a number of fa c to rs . The ex tin c tio n  
c o e ff ic ie n t of the 2200 cm ^ peak was shown to  be 11.5 times la rger 
than th a t of the peak a t  2240 cm ^ (section  5 .5 .1 ) . Therefore i t  could 
be a ttr ib u te d  to  a very small concentration of unaffected n i t r i l e  groups. 
Complete q u a te m isa tio n  of term inal imines may not have been achieved 
because some proton exchange could have re su lte d  from p re c ip ita tio n  
in to  methanol fo r bulk an a ly sis , which could also  account fo r a small 
absorp tion . Examination of the a c id if ie d  so lu tion  was not possib le  
due to  the in tense solvent absorp tions.
In conclusion, th e re  is  evidence favouring the proposed intram olecular 
hydrogen-bonding a ffec tin g  the absorption of an adjacent n i t r i l e  group. 
Spectra from these polymers strong ly  support the presence of term inal 
imine groups. Consequently hydrogen-bonding between them, and the 
adjacent n i t r i l e s  seems most l ik e ly .
6 .3 .3  UV Absorption spectroscopy
U ltra -v io le t  absorption spectrosoopy has been used widely to  
c h arac te rise  conjugated and chromopharic systems. Conjugation in  a 
molecule r e s u lts  in  a s h i f t  in  the  c h a ra c te r is tic  absorption towards 
the v is ib le  region compared with the  simple unconjugated system.
The u l tr a v io le t  absorption spectrum of PAN has been discussed 
in  the  l i t e r a tu r e .  Conclusions about the s tru c tu ra l changes in  PAN 
tre a te d  w ith n-BuLi were made by d ire c t comparison of the spectrum 
w ith  th a t from un trea ted  PAN. The sp ec tra  were recorded from solu tions 
in  EMF, which begins to  absorb a t  270 nm. The un trea ted  polymer
so lu tio n  was transparen t down to  th is  wavelength. The absorptions 
reported fo r PAN are  generally  a t  sh o rte r wavelengths. T reiber e t 
a l .  reported  an absorption band in  the region 265-275 nm which was 
absent in  rigorously  p u rif ie d  n i t r i l e  compounds, and in PAN prepared
n  'ZQ'\
by ion ic-coord inate  c a ta ly s ts  of the type reported by Chiang e t  a l .
Schurz e t a l . ^ ^  a lso  observed an absorption a t  270 nm, superimposed
on a strong peak whose ^max was below 200 nm, which is  a ttr ib u te d  to  CN
chromophore (rep. l max = 180 nm) .Talat-Erbenand Bywater a ttr ib u te d
i t  to  ketene-im ine im purities in  the polymer, although corresponding
absorbances were no t recorded in  the 1R spectrum. The ketene-imine
(49)s tru c tu re  has c h a ra c te r is t ic  absorbance a t 290 nm. Kirby e t  a l .  
s im ila rly  reported  an in tense peak a t  265 nm, fo r  PAN produced in  
organic so lven ts . Short contact of the polymer with acid  sh if te d  the 
peak to  275 nm. The former peak was assigned to  acid  se n s itiv e  
enamine groups, which can read ily  be hydrolysed to  $ -k e to n itr i le  
groups accounting fo r the s h i f t  in  wavelength. Since the standard 
polymer used in  th is  experiment did not absorb above 275 nm, the 
development of the  spectrum a t  longer wavelengths was ■ d ire c tly  
a ttr ib u te d  to  s tru c tu ra l  changes re su ltin g  from the reac tio n  w ith  n-BuLi.
The sp ec tra  of the products reported  in  sec tion  5 .4 .5  showed a 
broadening towards longer wavelengths as the reac tio n  time increased , 
in d ica tiv e  of the formation of a p rogressively  conjugated s tru c tu re .
A v a rie ty  of unsaturated groups could produce a conjugated s tru c tu re  
e ith e r  by reac tio n  of the n i t r i l e  groups or of the polymer backbone. 
F e rg u s o n ^ ^  has reported c h a ra c te r is tic  absorptions fo r such
unsaturated  g ro u p sC = C  (X = 200 nm), C=N (X = 230 nm), andmsx max
N=N (X = 347 nm). Incorporation o f these groups in to  a conjugated max
sequence would cause s h if ts  in  absorbance to longer wavelengths.
Therefore two reactions could account fo r  the conjugation observed 
in  the spectra :
(1) the production of cyclised  sequences
(2) the formation of a conjugated polyene s tru c tu re .
The l a t t e r  rea c tio n  was favoured by Kubasova who reported  an
average chain length of 5-6 double bonds. Increased in te n s ity
of the spectra  was a ttr ib u te d  to  accumulation of sequences o f s im ila r
(39)leng th . B erlin  e t  a l .  J therm ally degraded PAN and recorded i t s
u l tr a v io le t  absorption spectrum in  d ilu te  DMF so lu tio n s , and observed
two absorptions maxima a t  267 nm and 377 nm. The absorbance of both
maxima continuously increases, although the ra te  of change fo r the
second maximum (377 nm) is  su b s ta n tia lly  sm aller than fo r the former.
By comparing th is  r e s u l t  w ith the  curve presented in  Figure (33) fo r
n-BuLi trea te d  PAN, a d ifference  in  the nature of the two reactions is  
(39)apparent. B e rlin v J concluded from h is  r e s u lts  th a t a conjugated 
polyene s tru c tu re  was produced when so lu tions o f PAN were heat tre a te d , 
because no corresponding decrease in  n i t r i l e  concentration was observed 
in  the in fra red  spec tra .
In co n tra s t sec tio n  (5 .4 .2) showed th a t the to ta l  n i t r i l e  concentra­
tio n  decreased as the reac tio n  of PAN with n-BuLi proceeded, ind ica ting  
reac tio n  of the pendant n i t r i l e  groups. Also since the peaks in  the 
u l t r a v io le t  absorption spectra  could not be deconvoluted in to  i t s  
components, i t  was concluded to  be a complex mixture of various 
extents of conjugated-(C=N)^ sequences containing various numbers of 
the respec tive  sequences. D irect evidence against the polyene 
s tru c tu re  re su ltin g  from the reac tio n  of PAN w ith n-BuLi was apparent
from the H’-NMR r e s u l ts ,  which ind icated  th a t the CH /^CH ra tio s  were 
constant throughout the reac tio n . Takata and H i r o i ^ ^  used model 
compounds to  e s ta b lish  the u l tr a v io le t  absorption c h a ra c te r is tic s  of 
therm ally tre a te d  n i t r i l e  compounds, which are summarised in  Table (19). 
PAN was a lso  tre a te d  w ith bases. The spectra  were compared w ith 
values obtained fo r model compounds, from which he proposed a se rie s  of 
conjugated cyclised  s tru c tu re s  to  account fo r the observed absorption 
maxima, Figure (63). S tructures II  and I I I  absorb in  the region of 
the spectrum where absorptions fo r  n-BuLi tre a te d  PAN were recorded 
and are fu r th e r  evidence fo r the proposed cy c lisa tio n  reac tio n .
Further support i s  reported  by G rasse lli e t  a l .  who used u l t r a ­
v io le t  absorption spectroscopy to  study the thermal degradation of PAN. 
They concluded th a t the absorption a t 352 nm, which increased in  
in te n s ity  as the reac tio n  continued, was a ttr ib u ta b le  to  the condensa­
t io n  of n i t r i l e  groups to  form conjugated sequences of 3-5 he terocyclic  
rings containing C=N groups.
In conclusion the sp e c tra l c h a ra c te r is tic s  observed fo r PAN 
tre a te d  with n-BuLi were consisten t w ith the formation of a cyclised  
rin g  s tru c tu re , containing conjugated-fC=N)- groups. Table (6)
A
(sec tion  5 .4 .5) ind icated  th a t values of x = 4-8 would account fo r the 
degree of broadening observed in the sp ec tra . The f in a l  s tru c tu re  
probably co n sis ts  o f sequences w ith d if fe re n t degrees of conjugation, 
w ith an increasing number of such species produced as the reac tio n  
proceeds.
6 .3 .4  Summary
I t  is  generally  accepted th a t when PAN is  heated in  an in e r t
(31-35)atmosphere a cy c lisa tio n  reac tion  occurs. J Spectroscopic techniques
were used to  discover whether the condensed naphthyridine s tru c tu re  
proposed fo r the former reac tio n  was duplicated  by the chemical 
rea c tio n  w ith n-BuLi.
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Figure (63) S tru c tu res  proposed to account fo r-abso rp tions  
in  th  UV spectrum of heat t re a te d  PAN (4-6).
The in fra red  and u l tr a v io le t  absorption spectra  of the reaction
products, obtained under a v a rie ty  o f e:xperimental conditions, ind ica te
th a t a conjugated system was produced. The constant CH /^GH ra t io  observed
in  the H’-NMR sp ec tra  o ffe rs in d ire c t evidence fo r  the condensed
naphthyridine s tru c tu re  proposed, containing teim inal imine groups. The
in fra red  sp ec tra  are b est in te rp re ted  by th is  s tru c tu re . The n i t r i l e  
-1peak a t  2200 cm was concluded to  re s u lt  from intram olecular hydrogen- 
bonding between a term inal imine group and the adjacent n i t r i l e  group. 
Confirmation of th is  s tru c tu re  was a lso  apparent from the u l tr a v io le t  
absorption sp ec tra , which agreed w ell w ith those reported in  the l i t e r a tu r e ,  
fo r  both model compounds, and therm ally and a lk a li  degraded PAN.
Results from both GPC and osmometry ind icated  no evidence fo r  e i th e r  
cross link ing  or chain sc iss io n  reac tio n s. Therefore the reaction  of PAN 
with n-BuLi was concluded to  produce a condensed naphthyridine s tru c tu re , 
w ith term inal c-rttfgroups produced by the reaction  of the growing anion 
with methanol,on p re c ip ita tio n . The imine group was concluded to  be 
in tram olecularly  bonded to  the adjacent n i t r i l e  group. The proposed 
reaction  mechanism is  given in  the following section .
6.4 The reaction  mechanism
Analysis of the re su lts  was i n i t i a l l y  concerned w ith the s tru c tu re  
produced a t interm ediate stages of the reac tio n  of PAN w ith n-BuLi. A 
mechanism was required to  explain the changes observed.
A mechanism fo r  the reaction  of PAN with n-BuLi was hypothesised 
from the q u a lita tiv e  spectroscopic observations reported in  sec tio n  (5 .3 ). 
Figure (64) demonstrates the proposed mechanism. In i t ia t io n  occurs by 
nucleoph ilic  a ttack  a t  the pendant n i t r i l e  groups and is  followed by 
oligom erisation by an intram olecular ion ic , propagation reaction  to  
produce a cyclised  six-membered ring . P re c ip ita tio n  of the reac tio n
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product brings about term ination of the growing ladder sequence by 
reacting  w ith the growing anion to  produce a teim inal imine group .
T ransfer mechanisms would probably involve backbone hydrogen ab strac tio n , 
which was not apparent from the re su lts  presented fo r H'-NMR analysis .
This proposed reaction  mechanism is  s im ila r to  the f i r s t  th ree 
stages of the mechanism proposed by Coleman and P e tca v ic h ^ '^  fo r  the 
thermal degradation of PAN under reduced p ressure , (see Figure (5)). 
Cyclised sequences are produced, containing term inal imine groups, by 
nucleoph ilic  a ttack  a t the n i t r i l e  group, and propagated by the subsequent 
c y c lisa tio n  reaction . However, they concluded from in fra red  spectroscopy 
in  iso la tion ., th a t  the imine s tru c tu re  tautom erises to  produce an enamine 
s tru c tu re . This reaction  is  summarised in  Figure (65), which a lso  
ind ica tes th a t the oxygen se n s itiv e  enamine group reac ts  fu r th e r , producing 
a pyridone-type s tru c tu re  ( I I I ) ,  since he te rocyc lic  enamines are 
thought to  be extremely sen s itiv e  to  oxidation. (53,54) Although small 
q u a n titie s  of oxygen were presen t in  polymers produced by the reaction  
with n-BuLi, th is  was a ttr ib u te d  to  res idua l EMF. Oxygen s e n s i t iv i ty  
was also  discounted because the in fra red  spectrum of n-BuLi tre a te d  
samples immediately a f te r  freeze-dry ing , and a f te r  storage in  a i r  were 
ostensib ly  the same. I f  the tau tom erisation  and subsequent oxidation 
reactions i l lu s t r a te d  in  Figure (65) occurred when PAN was reacted  w ith 
n-BuLi then a change in  CH :^CH ra t io  would be apparent. This however 
was not the case, so the tautom erisation reaction  was thought to  be 
un like ly .
A s im ila r , bu t more complex mechanism re su ltin g  in  a pyridone-type
f 72)s tru c tu re  was proposed by Johnson e t  al> However in  both these cases 
the experiments from which the reactions were proposed were c a rried  out 
a t e levated  tem peratures. I t  is  possib le  th a t i f  the chemical cy c lisa tio n  
reaction  was ca rried  out a t su b s ta n tia lly  h igher tem peratures, then a
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Figure (65) The f in a l  th ree  s tages in  the scheme proposed
fo r  the reac tio n  of PAN a t  473 K. under reduced 
pressure (5 1 )*
change in  the f in a l  stages of the reaction  may re s u lt .
In conclusion, a simple io n ic  in i t ia t io n  and propagation mechanism 
leading to  the production of a condensed naphthyridine s tru c tu re  is  
proposed fo r  the reaction  of PAN w ith n-BuLi, under the experimental 
conditions investiga ted .
6.5 Q uantification  of the c y c lisa tio n  reaction
As in  most polym erisation processes i t  is  important to  measure the
average length of the molecules produced. In th is  type of reac tio n , a
d ire c t method fo r  such a ca lcu la tio n  is  not applicable and in d ire c t
estim ations are required . I t  is  p a r t ic u la r ly  inportan t in  carbon f ib re
technology since the p roperties of a carbon f ib re  may depend on the
degree and ex ten t of c y c lisa tio n  which has been introduced in to  the f ib re . 
(57)Indeed Clarke J has ca rried  out s im ila r calcu lations fo r  therm ally 
tre a te d  and oxidised polymer film s. One of the in ten tions of th is  study 
was to  discover ways of incorporating cyclised  sequences of known length 
in to  the polymer and to  look fo r  any compatible size  in  the f in a l  carbon 
f ib r e .
Since i t  has been shown th a t the secondary n i t r i l e  peak a t  2200 cm- ^
is  l in e a r ly  dependent on the in i t i a to r  concentration, and appears to
be associated  w ith the end of a cyclised  sequence, as p ostu la ted
f57)previously  by Clarke^ , the cyclised  lengths can be estim ated in  the 
following manner. The to ta l  n i t r i l e  concentration was determined by 
considering the con tribu tion  of both n i t r i l e  peaks in  the in fra re d  sp ec tra , 
a f te r  co rrecting  the secondary peak to  allow fo r  the large d ifference  
in  ex tin c tio n  c o e ff ic ie n ts . This was determined as a mole f ra c tio n  giving 
a value fo r  the ex ten t of reac tion  of the n i t r i l e  groups a t any tim e.
The average length of the cyclised  sequences, or the average degree of
c y c lisa tio n , was calcu lated  from the appropriate n-BuLi concentration*
There has been l i t t l e  attem pt in  the l i te ra tu re  to  determine the 
length of cyclised  sequences fo r  e i th e r  thermal or chemical reactions in  
PAN. Grassie e t  a l ^ ^  and Noh and Y u ^ ^  concluded th a t the k in e tic  
cyclised  length must be sh o rt. C l a r k e J , in  co n tra s t, described a 
p rin c ip le  by which the length of cyclised  sequences could be calcu lated  
from the decrease in  n i t r i l e  absorbance a t  2240 cm  ^ and the coincident 
appearance o f the second n i t r i l e  peak a t  2200 cm”} which ind icated  th a t  
cyclised  lengths could be much longer (24-32 in  in e r t  atmospheres, and 
10-16 in  oxid ising  atmospheres).
In the chemical c y c lisa tio n  reaction  the to ta l  n i t r i l e  concentration 
fo r any reaction  time has been calcu lated  from the in te n s ity  of both the 
n i t r i l e  absorptions, a f te r  co rrecting  fo r  th e ir  respective  ex tin c tio n  
c o e ff ic ie n ts , (section  5 .5 .2 ) I f  i t  is  considered th a t the in i t i a to r  
concentration is  one hundred percent e f f ic ie n t ,  then one imine group 
w ill  be produced fo r  each in i t i a to r  ion , on in i t ia t io n .  Section (5 .5.2) 
demonstrated the l in e a r  re la tio n sh ip  between the in te n s ity  of the peak 
a t 2200 cnf^ and the in i t i a to r  concentration, shown in  Figure (43).
The slope of the graph produced a value of 352 kg mol ^cm * fo r  the
e x tin c tio n  c o e ff ic ie n t of the peak. This value is  11.5 times la rg e r than
the corresponding ex tin c tio n  c o e ff ic ien t calcu lated  fo r the primary 
n i t r i l e  s tre tch in g  absorption. I t  was therefo re  concluded th a t the 
apparently in tense peak a t  2200 cm”  ^ was caused by re la tiv e ly  small 
concentrations of imine groups p resen t a f te r  in i t i a t io n ,  and was 
observable because of the d ifference in  the magnitude of th e i r  respective
ex tin c tio n  c o e f f ic ie n ts .
The re su lts  showed th a t the average number of condensed rings ranged
between 2 and 23, and depends mainly on the re la tiv e  concentrations
and tem peratures a t which the experiments were ca rried  out. The absorption
a t  2200 cm * was produced immediately on addition of the n-BuLi, and 
rap id ly  increased in  the f i r s t  60 s .  A fter complete in i t i a t io n ,  rap id  
reac tion  to  high oligomers had taken p lace , demonstrated by the degree 
of c y c lisa tio n  a f te r  60 s ca lcu la ted  to  be between 3.5 and 6. However, 
the in te n s ity  of th is  absorption continued to  increase over the next 
10 min. Whereas the i n i t i a l  absorbance a t 2200 cm”'*' was l in e a r ly  
p roportional to  the n-BuLi concentration , the f in a l  absorbance a t 2200 cni”'*' 
although s t i l l  l in e a r ,  no longer passed through the o rig in , but gave an 
un like ly  negative in te rce p t value of -0.05 mol kg \  on the concentration 
ax is . This observation can only be explained in  three ways;
(1) some fu r th e r  n i t r i l e  groups were produced, independent of 
n-BuLi concentration , as a r e s u l t  of side reac tio n s. A change in  the 
number oh CH protons could a lso  produce a s im ila r e f fe c t .  No evidence 
fo r th is  p o s s ib i l i ty  was detected.
(2) th a t  in i t ia t io n  was no t as rap id , or conpletely one hundred 
percent e f f ic ie n t  as previously assumed. This was considered to  be 
un like ly , since an io n ic  reaction  normally has a very rap id  in i t i a t io n  stage .
(3) The most l ik e ly  explanation is  th a t as the degree of c y c lisa tio n
increases, the ex ten t of conjugation w ith in  the condensed ring  s tru c tu re
a ffec ts  the e lec tron  d is tr ib u tio n  w ith in  the hydrogen-bond between the
term inal imine group and the adjacent n i t r i l e  group, re su ltin g  in  a
fu rth e r  change in  ex tin c tio n  c o e ff ic ie n t. Figure (66) shows a p lo t  of
_1
absorbance a t  2200 cm divided by the n-BuLi concentration C ^ ^ o o /t n~£uIJi] ) 
versus the degree of cy c lisa tio n , ind ica ting  th a t the absorbance becomes 
asymptotic a t  a degree of c y c lisa tio n  of approximately 10, ir re sp e c tiv e  
of n-BuLi concentration. This suggests th a t the ex tin c tio n  c o e ff ic ie n t 
of the n i t r i l e  groups is  dependent on the degree of cy c lisa tio n  of the 
preceeding ladder sequence.
In conclusion, k method of ca lcu la tin g  the average lengths of
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cyclised  sequences from in fra red  spectroscopy data has been developed 
fo r the reaction  of PAN with n-BuLi. The average length of cyclised  
sequences was dependent on the n-BuLi concentration and the reaction  
tem peratures. The re s u lts  presented in  the preceeding chapter agreed 
w ith the average degree of conjugation in  the reacted  polymer, calcu lated  
from the c h a ra c te r is t ic  wavelengths in  the u l tra v io le t  absorption spectra . 
Cyclised samples w ith longer cyclised  lengths produced a t  h igher temperatures 
were no longer soluble in  IMF. Therefore a corresponding degree of 
conjugation could nor be ca lcu la ted  fo r  these samples.
Therefore a method has been developed by which cyclised  sequences 
of known average length could be chemically produced in  PAN, s ta b il is in g  
the polymer and thus enabling i t  to  w ithstand carbonisation . Using 
a s im ila r approach to  produce a precursor f ib re  may enable a re la tio n sh ip  
to be determined between the i n i t i a l  degree of cy c lisa tio n  and the 
c ry s ta l l i t e  s ize  in  the re su lta n t carbon f ib re .
6.6 Thermal analysis
The observations reported in  the l i te ra tu re  fo r the behaviour 
of PAN heated in  an in e r t  atmosphere were confirmed in  th is  in v es tig a tio n .
A sharp, in tense exotherm occurred when PAN was heated under con tro lled  
conditions in  an in e r t  atmosphere. The re su lts  from the thermal analysis 
of PAN reacted  with n-BuLi (section  5.6) ind icated  th a t  the re s id u a l 
enthalpy decreases as the ex ten t of cy c lisa tio n  increases. However, the 
enthalpy of the thermal c y c lisa tio n  of the residual n i t r i l e  groups 
was found to  be independent of n-BuLi concentration. Therefore the 
exotherm must be a function of the reaction  of the n i t r i l e  groups.
In th is  case, the thermal c y c lisa tio n  of the residual n i t r i l e  groups 
must be in i t i a t e d  by the term inal imine groups f produced ,as a r e s u l t  of the
chemical c y c lisa tio n  reac tion , otherwise d if fe re n t in i t i a to r  concentrations
would lead to  d if fe re n t numbers o f iso la te d  n i t r i l e  groups. While the
magnitude of the exotherm dercreased as the ex ten t of cy c lisa tio n  increased ,
the maximum peak temperature remained su b s ta n tia lly  constant throughout.
There was a lso  evidence th a t th a t the exotherm in i t ia t io n  temperature
was lower, causing a broadening e ffe c t  on the shape of the exotherm.
This was in  marked con trast to  the e ffe c t  of additives on the thermal
(29)behaviour o f PAN observed by Grassie * J , who observed th a t broadening
of the exotherm occurred and was accompanied by a reduction in  the peak
maximum ten p e ra tu re . This co n tra s t, however, may be explained f a i r ly
rea d ily , since i t  is  l ik e ly  to  be a function of the experimental method
used fo r  observing the e ffe c t. In these experiments the additive was
reacted  d ire c tly  w ith the polymer in  so lu tio n , so th a t cy c lisa tio n
was induced p r io r  to  the thermal treatm ent. In G rassie’s ^ ^  case, the
e ffe c t of the presence of add itives on the thermal reaction  was recorded.
In h is  experiments the additives were in tim ately  mixed w ith the polymer
in  a v o la t i le  so lvent medium, which was evaporated p r io r  to  the thermal
treatm ent. However occluded so lvent could be evolved during heating ,
causing the more marked broadening of the exotherms. S im ilarly  the e ffe c t
of heat , on any unreacted additive could con tribu te  to  the exotherm, and
p re fe re n tia l  reac tion  of the add itive  a t  the polymer p a r t ic le  surfaces
could have such an e ffe c t .
The p ro p o rtio n a lity  of the re la tio n sh ip  between the res id u a l enthalpy
and the ex ten t o f c y c lisa tio n  was demonstrated in  Figure (50) (section  5 .6 .2 ) .
The in te rce p t value in fe rred  that-w hatever the reaction  conditions,
20'* of the n i t r i l e  groups could never p a r tic ip a te  in  the cy c lisa tio n
reac tio n . This value is  in  close agreement w ith s im ila r values observed 
(20)
by Noh and Yu and Johnson e t  a l^  J fo r the thermal reaction  in  PAN.
In th is  case the fa c t  th a t 20*$ of the n i t r i l e  groups cannot be cyclised
was explained by the s e l f  in i t i a t io n  mechanism, s im ila rly  used to  
explain the thermal c y c lisa tio n  reac tion , (see Figure (2 )), which re su lts  
in  iso la te d  n i t r i l e  groups. The conventional anionic in i t i a t io n  mechanism 
which has been proposed fo r  the reaction  of PAN w ith n-BuLi would not 
necessa rily  r e s u l t  in  iso la te d  n i t r i l e  groups. However propagation of 
the c y c lisa tio n  reac tio n  can occur in  e ith e r  d irec tio n  along the polymer 
chain, ^ hus increasing  the like lihood  of producing iso la te d  n i t r i l e  
groups. Therefore the m ajority  of res idua l n i t r i l e  groups in  the case 
of heat tre a te d , p a rc ia lly  cyclised  polymers are probably iso la te d  
between two term inal imine groups, as shown in  Figure (67). The fu rth e r  
reaction  of an iso la te d  n i t r i l e  group would then depend on the s te reo ­
chemistry of the ladder polymer. The ro ta tio n a l angles w il l  be such th a t 
the n i t r i l e  and imine groups would be in  d if fe re n t p lanes, making fu rth e r  
reaction  d i f f ic u l t .  An analagous reaction  was considered by F l o r y ^ ^  
and W a l l ^ ^ ,  who ca lcu la ted  the number of res id u a l side  groups p resen t 
in  therm ally condensed poly (methyl v inyl)ketone. Condensation in  d iffe re n t 
d irec tions along the polymer chain leads to  two methyl or ketone groups 
which are unable to  re a c t. A value of 18,4% was calcu lated  fo r  the 
percentage of res id u a l side groups fo r the reac tio n , which is  close 
agreement w ith the value of 20% observed fo r  the thermal reaction  of 
p a r t ia l ly  cyclised  PAN. Therefore the condensation reaction  model o f 
F l o r y ^ ^  and W a l l ^ ^  can also be applied to  the cy c lisa tio n  of PAN 
with n-BuLi, This model is  fu r th e r  supported by the appearance of a 
shoulder on the second n i t r i l e  peak (2200 cm ^ ), a t  2150 cm \  in  the 
in fra red  spectrum of a highly cyclised  polymer. The in fra red  spectrum of 
a sample of therm ally cyclised  homopolymer was recorded, in  order to  
ca lcu la te  the percentage of res id u a l n i t r i l e  groups remaining a f te r  
thermal s ta b il is a t io n . The n i t r i l e  absorbance was su b s ta n tia lly  reduced, 
but the overall, reso lu tion  of the spectrum was too poor to  allow a
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F ig u r e  ( 67) A m echanism  d e m o n s ta tin g  th e  p r o d u c t io n  o f
i s o l a t e d  n i t r i l e  g ro u p s  d u r in g  th e  c y c l i s a t i o n  
o f  PAN.
q u an tif ied  c a lcu la tio n  to  be made.
The thermogravimetric analysis of p a r t ia l ly  cyclised  PM has 
ind icated  th a t  a small ex ten t of cy c lisa tio n  i s  s u f f ic ie n t  to  s ta b i l is e  
the polymer as e ffe c tiv e ly  as the thermal treatm ent. The onset of 
serious weight loss occurs a t 60 K above the corresponding temperature 
observed fo r  PM , which is  comparable w ith the increased thermal 
s ta b i l i ty  in  oxidised PM. However, since i t  appeared th a t  continuing 
improvement in  s t a b i l i ty  a f te r  long reaction  tim es, and increased 
i n i t i a to r  concentration is  not observed, i t  is  concluded th a t thermal 
c y c lisa tio n  is  s u f f ic ie n tly  rap id  to  s ta b i l i s e  the polymer. Thus the 
treatm ent described here enables rap id  in i t ia t io n  of the c y c lisa tio n  
reac tio n , while s e l f  in i t ia t io n  on thermal treatm ent of the homopolymer 
is  not so e ffe c tiv e . I t  follows therefo re  th a t the imine groups produced 
in  the chemical reac tion  are able to i n i t i a t e  the thermal reaction  when 
the p a r t ia l ly  cyclised  products are heated. However i t  appears from 
sec tion  (5 .5 .4) th a t the concentration of res id u a l MF is  la rg e r  fo r  
g rea te r ex tents of cy c lisa tio n , and th a t  the apparent in s ta b i l i ty  
observed by thermogravimetric analysis is  a function o f d i s t i l l in g  
DMF on heating . I f  th is  fac to r is  taken in to  consideration  then the 
thermal s t a b i l i ty  of the ladder polymer is  g rea tly  improved fo r  a l l  
ex tents of c y c lisa tio n .
I t  is  in te re s tin g  to  compare the thermal s ta b i l i ty  o f the products
from the reac tion  of PM with n-BuLi to  those of Grass i e '^ ^  and 
(72)Johnson e t  a l^  fo r  th e ir  additive reacted  polymers. Figure (68)
(72)demonstrates th is  conparison. The re su lts  of Johnson e t  al'- J show 
th a t the thermal s ta b i l i ty  o f PAN cyclised  by cyanide ions is  conparable 
to  oxidised PM. S im ilarly  the polymers from th is  study have comparable 
thermal s t a b i l i t i e s .  In con trast G rassie 's  add itive  tre a te d  polymers 
are less  therm ally s tab le  in  the tenperature range under considera tion .
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F ig u re  (6 8 ) Therm ogram s re c o rd e d  f o r  PAN r e a c t e d  w ith  v a r io u s  
a d d i t iv e s *
(1)DPPH (29 )
(2 )B is p h e n o l  ( 29)
(3 )P o ta s s iu m  c y a n id e  (29 )
( ^ E x p e r im e n ta l  PAN
( 5 )E x p e r im e n ta l  PAN (72 )
(6 )S od ium  cyanide/D M F (72)
( 7 ) n-B uL i (Pcn= 0 .2 8 )
( 8 ) O x id is e d  PAN (7 2 )
In Johnson's experiments some reaction  occurs in  so lu tion  before the 
product is  heated , whereas in  G rassie!s experiments the additive reac ts  
with the polymer on heating . Thus, in  the l a t t e r  case, the additive 
would appear to  modify the mechanism of the thermal reaction  so th a t the 
lower thermal s t a b i l i ty  may be a function of side  reactions.
The thermal analysis of the p a r t ia l ly  cyclised  polymers produced 
by the reac tio n  of PAN with n-BuLi therefo re  confirms th a t the exotherm 
is  a function  of the n i t r i l e  polym erisation reaction . The p ro p o rtio n a lity  
of the re la tio n sh ip  between the res id u a l enthalpy and the previously  
introduced ex ten t of cy c lisa tio n  is  demonstrated. Subsequent thermal 
in i t ia t io n  o f the p a r t ia l ly  cyclised  sequences i s  brought about by 
the term inal imine groups. The broadening of the exotherms ind ica tes th a t 
as the ex ten t of cy c lisa tio n  is  increased , the re su lta n t heat generated 
in  the subsequent thermal reaction  can be d issipa ted  more read ily .
The p a r t ia l ly  cyclised  polymers are comparably s tab le  with the oxidised 
homopolymer. This suggests th a t programmed heating  of a p a r t ia l ly  
cyclised  product to  the carbonisation temperature should not re s u l t  
in  ca tastroph ic  d is in te g ra tio n  of the polymer. This was shown to  be 
the case (section 5 .5 .4 ) . When the homopolymer was heated to  approximately 
1200 K, a f te r  previous s ta b il is a t io n  a t approximately 490 K fo r  1.5 h r s . ,  
a constant weight was achieved a f te r  a few minutes a t tem perature. An 
approximate carbon y ie ld  of 40* was recorded. The p a r t ia l ly  cyclised  
polymer when s im ila rly  examined under carbonising conditions had a 
su b s ta n tia lly  h igher corresponding carbon y ie ld , approximately 70%.
However in  th is  l a t t e r  case a constant weight was not achieved in  the 
same time as the therm ally s ta b il is e d  polymer. This in fe rs  th a t  although 
the p a r t ia l ly  cyclised  polymer is  therm ally s ta b le  under these conditions, 
reactions to  promote the expulsion of non-carbonaceous elements is  
slower.
In conclusion, p a r t ia l ly  cyclis ing  the polymer p r io r  to  carbonisation 
introduces s u f f ic ie n t  thermal s ta b i l i ty  to  enable the polymer to  
w ithstand carbonisation without d ra s tic  weight lo ss . A carbon y ie ld  
b e t te r  than th a t observed fo r  homopolymer therm ally s ta b il is e d  in  an 
in e r t  atmosphere p r io r  to  carbonisation was recorded. Therefore i t  is  
p ossib le  th a t i f  p a r t ia l ly  cyclised  polymer fib re s  could be produced 
by chemical means p r io r  to  carbonisation , improved carbon y ie ld s could 
r e s u l t .  This in  turn  could improve the mechanical p roperties  o f the 
r e s u lta n t f ib re s  by increasing  th e i r  density .
6.7 K inetics of the reaction  
6 .7 .1  The reaction  model
The in fra red  spectroscopy re su lts  presented in  chapter 5, 
whidi were analysed both to  e luc ida te  the s tru c tu re  produced, and to  
ca lcu la te  the ex tent of the reaction  of the n i t r i l e  groups, were also 
used to  formulate a k in e tic  model fo r  the reaction  of PAN w ith n-BuLi. 
However the data availab le  fo r  the analysis had a number of d e fic ie n c ie s , 
which required  some assumptions to  be made in  the development of th is  
model. These w ill  be discussed as they a r is e .
The re s u lts  in  chapter 5 were obtained using a sangling technique, 
i n i t i a l l y  intended to  allow s tru c tu ra l  e luc ida tion . However a k in e tic  
analysis enabled a fu rth e r in te rp re ta tio n  of the re su lts  to  be made.
There are a number of su ita b le  models which could be applied to  
the reac tion  of PAN with n-BuLi. In i t s  s in p le s t  term s, the s ta r t in g  
homopolymer could be equated w ith monomer in  a conventional polym erisation 
reac tio n , while the subsequent secondary polym erisation of the n i t r i l e  
groups could be seen simply as a l in e a r  polym erisation reac tio n , where 
in i t ia t io n  is  brought about by the addition of n-BuLi.
A lte rn a tiv e ly , the reaction  could be compared to  a c ry s ta l l is a t io n  
reac tio n , where the unreacted monomer u n its  correspond to  the amoiphous 
phase, while the six-membered rings correspond to  the formation of 
c ry s ta l l i t e s .  C yclisa tion  could therefo re  be v isu a lised  as a one-dimensional 
c ry s ta l l is a t io n  of the amorphous phase. The a p p lic a b ility  of both these 
model w il l  be considered in  th is  sec tion .
Hie th e o re tic a l k in e tic  chain length was estab lished  as a function 
of i n i t i a to r  concentration, by assuming th a t one n i t r i l e  group has been 
consumed per i n i t i a t o r  ion. Then the average distance between the possib le  
in i t ia t io n  s i te s  can be computed by consideiing the in i t i a to r  concentration 
( [PM] / [n-EuLiJ ) .  The avergage chain length (Lq^) is  tabu la ted  in  
Table (20). Therefore the maximum degree of cy c lisa tio n  possib le  is  
given by Lr ^. Figure (69) shows the degree of cy c lisa tio n  as a function  of 
reaction  times fo r  various n-BuLi concentrations, a t constant tem perature. 
Couparing the curves with the lim iting  degree of cy c lisa tio n  l i s te d  in  
the previous ta b le , i t  is  apparent th a t the the lim iting  value of the 
degree of cy c lisa tio n  (C ) is  never achieved. This observation is  not 
su rp ris in g , since i t  was shown in  sec tion  (5 .6.2) th a t 20% o f  the n i t r i l e  
groups can never p a r tic ip a te  in  the c y c lisa tio n  reaction . This fa c to r  
is  re f le c te d  in  Table (20) where the figures in  parentheses take th is  
value of 20£ in to  account.
The re s u lts  shown in  section  (5.4) ind ica te  th a t there  i s  a rap id  
decrease in  n i t r i l e  concentration immediately on in i t ia t io n ,  followed by 
a stage during which most of the colour change occurs. This reac tio n  
can be represented by the diagram shown in  Figure (70). However, using 
the sampling technique, the rapid  change represented by stage (1) cannot 
be e a s ily  examined.
In anionic reac tio n s , under id ea l conditions, rap id  100'a e f f ic ie n t  
in i t ia t io n  should occur, i . e .  one bu ty l anion should consume one n i t r i l e
[ pan ]
(mol kg1)
[ n-BuLiJ
(mol kg’ ) lca
1.0 0.025 40(32)
1.0 0.05 20(16)
1.0 0.08 12(9.5)
1.0 0.10 10(8)
Table 20 The t h e o r e t i c a l  d i s t a n c e  (Lq^ )  i n  monomer u n i t s  a s  a  
f u n c t io n  o f  n -B uL i c o n c e n t r a t i o n .
[ n-BuLiJ 
(mol kg )
A.l A60 Sc (60)
0.025 2.15 1.85 6.52
0.05 2.10 1.53 6.12
0.08 2.02 1.59 3.50
0.10 1.99 ' 1.39 3.72
Table 21 N i t r i l e  a b so rb a n c e  im m e d ia te ly  a f t e r  i n i t i a t i o n  (A^)
and a f t e r  60 s .  w i t h . t h e  c o r r e s p o n d in g  d e g re e  o f  
c y c l i s a t i o n .
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F ig u re  (7 0 ) A s c h e m a tic  r e p r e s e n t a t i o n  o f  th e  p ro p o s e d
two s t a g e  r e a c t i o n  f o r  t h e  c y c l i s a t i o n  o f  PAN.
group. The decrease in  n i t r i l e  concentration which corresponds so le ly  
to  in i t i a t io n  could be ca lcu la ted , i . e .  a bu ty l anion reacting  w ith 
a n i t r i l e  group to  produce an imine group. Therefore the r e la tiv e  n i t r i l e  
absorbance (A^) a ttr ib u te d  to  in i t ia t io n  was calcu la ted , assuming complete 
reac tio n . These values are tabu la ted  in  Table (21), where A^q represen ts 
the absorbance a t  60 s a f te r  in i t ia t io n ,  while Q ^ q) i s  the corresponding 
value of degree of cy c lisa tio n . From these values i t  was apparent th a t 
even a t  very sho rt reac tion  times (60 s) propagation to  a c e r ta in  ex ten t 
has already occurred.
A two stage reaction  model was proposed to  define the reac tion ;
Stage (1): in i t i a t io n  and sho rt range propagation 
Stage (2): propagation
Using the experimental conditions n-BuLi concentration = 0 .1  mol kg” \  
temperature 293 K as an example, the reaction  was considered as. follow s. 
The reac tion  can be w ritte n  in  general terms as:
CN t  n-BuLi — > products
The lim it of stage (1) under these conditions is  defined where C =  3. 
Therefore the reac tion  can be w ritten  as follows:
then;
where
CN n-BiiLi
01 Cl)
CN +
01 a ) “ (2)
CN 01 (2) CN C3)
CN + ® (3)
1
Q'’ (4)
rap id
slower
k^=  i n i t i a l  or stage (1) ra te  constant
k -  propagation ra te  constant
^ A -Ak. could be calcu lated  approximately from the p lo t of In (—t —~ ) versus
time graphs fo r  d iffe re n t n-BuLi concentrations. Figure (71) shows a
se rie s  of p lo ts  fo r  th is  function. A ^  was found to  be independent
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of n-BuLi concentration a t  constant/. By in te rp o la tin g T these s tra ig h t
lin es the i n i t i a l  ra te  constants were approximately ca lcu la ted  fo r  stage
(1). The p ro p o rtio n a lity  of the p lo t  of these values as shown in  Figure (72)
enabled the o v e ra ll ra te  constant fo r  stage (1) to  be ca lcu la ted , giving 
-2  -1a value of 7x10 s . However there  are inherren tly  large e rro rs  on the 
values ca lcu la ted  fo r  th is  stage of the reaction , because there  are 
in su ff ic ie n t data  po in ts on th is  ea rly  sec tion  of the curve, as a 
r e s u l t  of the sampling technique. At the lowest n-BuLi concentration 
there  was a much la rg e r  deviation  from the s tra ig h t l in e ,  than a t  h igher 
concentrations. At the lowest concentration the lim itin g  absorbance value 
ipay not have been reached because of the decreased reaction  ra te .  However 
the p lo t  must in te rc e p t the o rig in , since under the experimental conditions 
used, i f  there  is  no in i t i a to r  p resen t, there  w ill  be no change in  n i t r i l e  
concentration.
Stage (2) of the reaction  was s im ila rly  examined. Figure (73) shows 
a p io t  of ln (  (A -A ) /  A ^J versus tim e, in  which f i r s t  order k in e tic sL
are ind ica ted . The ra te  constants fo r  various in i t i a to r  concentrations 
were calcu lated  from the gradients of these p lo ts  and are p lo tte d  as 
a function of n-BuLi concentration in  Figure (74). This is  a l in e a r  p lo t  
in te rcep tin g  the o rig in  . Therefore the following re la tio n sh ip  must 
describe the reaction ;
k ^ =  k [n-BuLi]
This method of analysis ind icated  th a t stage (2) was a conventional 
addition  oligom erisation where:
Rate= k [ CN ] [ n-BuLi]
Therefore the analysis suggests th a t  both stages of the reaction  show 
f i r s t  order reaction  k in e tic s  w ith respect to  the decrease in  n i t r i l e  
concentration.
For an in i t i a to r  concentration of 0 .1  mol kg \  assuming 100'*
2
<
<
i-4-»
<
c
F ig u r e  (7 3 ) A f i r s t  o r d e r  p l o t  f o r  th e  se c o n d  s t a g e  o f  th e  
r e a c t i o n  o f  PAN s o l u t i o n s  w ith  n -B uL i a t  293 K. 
f o r  c o n c e n t r a t io n s  ( l ) 0 .0 2 5 m o l1kg7 , ( 2) 0 . 05mol kg
(3 )0 .0 8 m o l kg7 , ( A )0 .lO m ol kg .
O
x
n-Bulj concentratic^ (mol kg')0
F ig u r e  (;7 ^ ) The r a t e  c o n s ta n t s  f o r  s t a g e  2 o f  th e  r e a c t i o n  
o f  PAN w ith  n -B uL i p l o t t e d  a s  a f u n c t io n  o f  
n -B uL i c o n c e n t r a t i o n .
e ffic ien cy , the average distance between in i t ia t io n  po in ts is  10 monomer
u n its . Therefore stage (1) consists  o f in i t ia t io n ,  followed by rap id ,
u n re s tric te d  oligom erisation to  an average degree of cy c lisa tio n  of 3,
- 2  -1the ra te  constant fo r  th is  stage being 7x10 s . Stage (2) is  the much
slower conventional propagation reac tio n , ind icated  by the calcu lated
-3 -1ra te  constant o f 2.6x10 s . The propagation reaction  is  hindered by 
a number of fa c to rs . Once the sho rt range cy c lisa tio n  reaction  has occurred 
the major fa c to r  preventing propagation is  the problem of ro ta tio n  about 
the sk e le ta l  bonds to  bring  the n i t r i l e  groups in to  re a d a b le  p o s itio n s . 
Stage (1) introduces sho rt cyclised  sequences in to  the polymer, a t 
regu lar in te rv a ls  along the previously  f le x ib le  chain. These sequences 
are much s t i f f e r ,  therefo re  ro ta tio n  about the polymer backbone becomes 
hindered. This e ffe c t becomes more apparent as the i n i t i a to r  concentration 
increases, reducing the in te r - in i t ia t io n  s i t e  d istance , thus fu r th e r  
increasing  the r ig id i ty  of the polymer chain.
A s im ila r  analysis was c a rried  out to  fin d  the e ffe c t o f tem perature 
on the k in e tic s  of the reaction . The value of lim itin g  absorbance was 
found to  be temperature dependent, in  con trast to  i t s  independence of 
in i t i a to r  concentration. Table (22) tabu la tes the lim iting  values of 
absorbance fo r  various tem peratures, and these values were used to  p lo t 
the graphs of In^A ^-A ^J/A J versus time shown in  Figure (75), fo r  stage
(2) o f the reac tion . The corresponding ra te  constants have also  been 
tabu la ted , and are p lo tte d  as a function of rec ip roca l tenperature  in  
Figure (76). The graph shows the lin e a r  re la tio n sh ip  between In (ra te  
constant) and rec ip roca l tem perature, and using the le a s t  squares 
analysis fo r  the b e s t s tra ig h t lin e  f i t ,  the grad ien t was ca lcu la ted  to
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be -(5x10 ) . From the temperature dependence of the ra te  constan ts, the 
Arrhenius equation was used to  obtain an ac tiv a tio n  energy value fo r  the 
reac tio n , which-was calcu lated  to  be 41.5 kJ. The simple Arrhenius
T em p era tu re
K
od K
s " 1 (x lO - -^ )
273 O. 6 5 1 . 1
293 0.75 2.5
313 0.95 1 2 . 3
333 . 1 . 0 0 ^7 . 6
T ab le  (2 2 ) E f f e c t  o f  te m p e ra tu re  on th e  r a t e  c o n s t a n t  a s  
c a l c u l a t e d  from  th e  l i m i t i n g  a b so rb a n c e  (A^) .
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Figure (75) A f i r s t  order p lo t  f o r  the second stage of the
reac t ion  of PAN so lu t ions  with n-BuLi =0.08mol kgT 
fo r  tem pera tures ,(1)273 K ,(2)293 K,( 3 ) 3 1 3  K,
(4)333 K,(0.025mol kg. )
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Figure ( 7 6 ) Arhenius p lo t  fo r  stage 2 of the reac t io n  of 
PAN with n-BuLi =0.08mol kgT
approach gave good agreement w ith the ac tiv a tio n  energy ca lcu la ted  by 
Noh and Y u ^ “^  fo r the thermal cy c lisa tio n  reaction .
The reac tion  is  schem atically represented in  Figure (77). The ra te  
constants have been shown to  be more than an order o f magnitude la rg e r 
in  stage (1) than in  stage (2). In summary, the reac tion  is  v isu a lised  
in  terms o f rap id  in i t i a t io n  followed by simple u n re s tric te d  addition 
oligom erisation to  produce cyclised  sequences of sho rt k in e tic  chain 
length . Above a c e rta in  value of C , dependent on the number of growingJ\.
cen tres , the reaction  becomes re s tr ic te d  and propagation is  lim ited  by 
a number o f f a c to r s ;
(1) the r ig id i ty  o f the polymer chains , due to  the presence of 
cyclised  sequences, makes ro ta tio n  about the polymer backbone increasing ly  
more d i f f ic u l t .
(2) the d istance between the growing chain end (a f te r  stage (1)) 
and the next in i t ia t io n  s i t e .
At high n-'BuLi concentrations, the th e o re tic a l propagation length
is  severely  lim ited  be the preceeding reac tio n , and the maximum mole
fra c tio n  of reactab le  n i t r i l e  groups possib le .
The p o s s ib i l i ty  of term ination of the propagation reac tio n , or of
estab lish in g  an equilibrium , had to  be considered. In the l a t t e r  case
the equilibrium  could be w ritten  as fo llow s:
CN,t , + nCN — CN, ,  ,(3) v v (3+n)
However, under the experimental conditions in v estig a ted , the reverse
reaction  was impossible to d e tec t. At elevated  tem peratures, depropagations
(72')are more l ik e ly , but re su lts  by Johnson e t  al^  J fo r experiments a t 
higher tem peratures suggest th a t the chemistry may be d if fe re n t,  so th a t  
attempts to  e s ta b lish  depolymerisation a t higher temperature may not be 
possib le .
The k in e tic s  of the reaction  of n i t r i l e  polym erisation in i t ia te d
CN CN CN
 \
CN CN
cannot
react
Do not reactStage 2Stage 1
F ig u re  (7 7 ) A s c h e m a tic  r e p r e s e n t a t i o n  o f  th e  m o d el.
by n-BuLi has been shown to  have two stages, both of which are f i r s t
order w ith respect to  n i t r i l e  concentration. Whereas Noh and Yu^2^
considered th a t  cyclised  lengths must be very sh o rt, the values obtained
in  th is  study are somewhat la rg e r . The reaction  k in e tic s  in  the bulk
and in  so lu tio n  would not be expected to  be the same. However, the
s im ila r i t ie s  in  the calcu lated  a c tiv a tio n  energies fo r  the two - reactions
suggets th a t  the ro le  of IMF in  the l a t t e r  case, increasesthe  chain
m obility , to  achieve the same e ffe c t  as heating the polymer.
f571In co n tra s t to  th is  an a ly sis , Clarke^ J p lo tte d  h is  data  fo r 
the thermal treatm ent of film s and fib res  in  the form of a second order 
ra te  equation, which produced a l in e a r  re la tio n sh ip  as a function of 
reaction  time. However, second order p lo ts  fo r  the chemical reac tio n  were 
more sc a tte re d  and did  not show e ith e r  a lin e a r  re la tio n sh ip  or the 
d is t in c t  two stage reaction  previously  described. I t  was therefo re  concluded 
th a t the change in  the f i r s t  order ra te  constant can be explained as 
a change in  the ra te  determining step  fo r the reaction  in  each of i t s  
s tag es , from the f a i r l y  rap id  anionic reaction  to  the slower conformational 
change in  the second stage. The s im ila r ac tiv a tio n  energies fo r  stage 
(2) and fo r therm ally degraded PAN suggests th a t fo r so lid  polymers the 
ra te  co n tro llin g  step  i s  the ra te  of flex ing  of the p a r t ia l ly  cyclised  
polymer.
In co n trast to  th is  model, Noh and Yu^2^  applied a simple c ry s ta l l is a t io n  
theory to the thermal polym erisation of the n i t r i l e  groups. The nucleation  
stage was considered to  be analagous to  the in i t ia t io n  stage in  the 
thermal reac tio n , while c ry s ta l growth was thought to  correspond to  
the propagation stage. The lin e a r  secondary polym erisation was therefo re  
considered to  correspond to  the c ry s ta l l is a t io n  of a one-dimensional 
amorphous phase. Using the simple Avrami approach, the k in e tic s  of 
c ry s ta l l is a t io n  re l ie s  on e stab lish in g  the re la tio n sh ip  between the
density  of the c ry s ta llin e  (cyclised) and melt ( lin e a r polymer) phases, 
and the reac tio n  tim e, to  e s ta b lish  the ra te  o f c ry s ta l l is a t io n .
The Avrami equation is  given by the following re la tio n sh ip :
=  exp (-k tn )
W
0
where k = th e  ra te  constant
Wj= the mass of the melt a t  time t  
Wq= the mass of the m elt a t  time zero 
n = the Avrami in teger 
The Avrami in teg er provides inform ation on the geometric form of the 
growth. I f  the nucleation  ra te  is  rap id , then i t  is  a zero th-order reaction  
and fo r  one-dimensional growth the Avrami re la tio n  reduces to  n = l ,  which 
is  a f i r s t  order equation fo r the k in e tic  reac tion . Noh and Y u ^ ^  
found th a t th e i r  re s u lts  fo r the thermal reaction  obeyed f i r s t -o rd e r  
reaction  k in e t ic s . However i t  is  un like ly  th a t heating  w ill  induce 
rap id  nucleation  ( in i t i a t io n ) , compared w ith the addition  of an anionic 
i n i t i a to r  which should re s u lt  in  immediate in i t ia t io n .  Therefore, 
although th e ir  re s u lts  demonstrates f i r s t -o rd e r  k in e tic s , the c ry s ta l l is a t io n  
theory, as represented by the Avrami equation would no t appear to  be 
the b est model to  apply to  the reaction  of PAN with n-BuLi.
In conclusion, a two stage reac tio n  model was applied to  the k in e tic s  
of the chemically induced cy c lisa tio n  reaction . Stage (l).w as in i t i a t io n  
followed by sho rt range propagation, and stage (2) was the conventional 
propagation reac tio n . Both stages were f i r s t -o rd e r  w ith respec t to  n i t r i l e  
concentration.
6.7 .2  The in i t ia t io n  and propagation reactions
The preceeding k in e tic  analysis has shown th a t  a two stage 
reac tion  occurs when PAN is  tre a te d  with n-BuLi. The conponents o f these
stag es , i . e .  in i t i a t io n  and propagation, can a lso  be discussed in  terms 
of th e i r  chemical reac tio n s .
The mechanism proposed fo r  the reac tio n , in  sec tion  (6.4) is  a 
conventional io n ic  reac tio n . Anionic in i t ia t io n  a t  a n i t r i l e  group is  
brought about by a b u ty l anion, and is  subsequently followed by propagation 
of the growing anion v ia  the pendant n i t r i l e  group.
In so lu tio n  n-BuLi ion ises , w ith varying degrees o f association., 
depending on the p o la r i ty  of the so lven t. Therefore in  IMF i t  ion ises 
to  produce free  ions, or so lvated  free  ions, which makes in i t ia t io n  a t 
the p o s itiv e ly  charged carbon of the n i t r i l e  group the most l ik e ly  
p o s s ib i l i ty . However, the p o s s ib i l i ty  o f o ther in i t ia t io n  mechanisms must 
also  be considered.
W a k e f i e l d h a s  discussed the behaviour of a lky llith ium  reactions 
and concluded th a t  in  non-polar so lvents coordination centres are 
estab lished . However th is  reac tion  is  un likely  to  occur in  IMF.
An a lte rn a tiv e  in i t ia t io n  mechanism could involve proton ab strac tio n  
a t the <*-carbon, to^form a carbanion, which subsequently in i t i a te s  the 
polym erisation of the n i t r i l e  groups. This process could lead to  
crosslink ing  by interm olecular in i t i a t io n ,  or to  the formation of 
iso la te d  n i t r i l e s ,  incapable of fu r th e r  reac tio n , therm ally or chem ically. 
Since GPC and osmosis stud ies fa i le d  to reveal any evidence of cross- 
link ing , and since the thermal analysis re su lts  ind icated  th a t  801 
o f the n i t r i l e  groups could re a c t, th is  type of reaction  is  thought to  
be un like ly . Furthermore, sodium is  more lik e ly  to  be prone to  ab strac tio n  
reactions and th is  may explain the d ifference in  the GPC re s u lts  fo r  the two 
in i t i a to r s .  The sodium in i t ia te d  products showed a tendency to  la rg e r  
e ffec tiv e  s ize  even a t low extents of reaction .
G rassie’s ^ ) s e l f  in i t ia t io n  reaction  fo r  the thermal c y c lisa tio n  
process was a lso  thought to  be un like ly . In frared  ananlysis o f the
products a f te r  in i t ia t io n  w ith n-BuLi has shown th a t a conjugated inline 
system is  produced immediately. The cyclic  in i t ia t io n  residues w ith in  
the polymer s tru c tu re  a f te r  s e l f  in i t ia t io n  cannot tautcanerise to  
produce such an e ffe c t  on the in fra red  spectrum. Also i f  th is  type of 
reac tion  occurred on the addition  o f n-BuLi, the number of res id u a l 
n i t r i l e  groups produced would be expected to  be a function of the 
in i t i a to r  concentration. This has already been shown not to  be the case,
3s shown in  Figure (50) (section 5 ,6 ,2 ) .
n-BuLi has been used to  i n i t i a t e  reactions with o ther n i t r i l e s ,  
such as fum aron itrile . In th is  case the proposed in i t ia t io n  mechanism 
involves a ra d ic a l anion, which could lead to  cross link ing  and 
simultaneous ion ic  or rad ic a l c y c lisa tio n . No evidence fo r crosslink ing  
was observed in  the GPC re s u l ts .  Therefore th is  mechanism does not seem 
to apply to  the reac tion  under consideration .
T149')
IMF is  reported  to  rea c t w ith n-BuLiv J , therefo re  i t s  p a rtic ip a tio n  
in  the reaction  must be considered. The behaviour of DMF as an aldehyde, 
and i t s  e ffe c t when sodium is  used as an in i t i a to r ,  has been discussed 
in  section  (5 .1 ). The reaction  of a lith io im ine  w ith IMF has been 
reported by L w o w sk i^ ^ . A ketone, a secondary amine and lith ium  cyanide 
are produced. Cyanide ions could then reac t w ith the pendant n i t r i l e  
groups by nucleoph ilic  a ttack . Evidence of ketone formation would be 
observed in  the in fra red  spectrum, by an absoiption a t  1700 cm  ^ whose 
in te n s ity  would be p roportional to  the n-BuLi concentration.
The absorption due to  the ketone group should appear a t  longer wavelengths 
than fo r  a carbonyl group presen t as a r e s u l t  of res id u a l IMF, ( i .e .  1700-
1650 cm ) . Only small res id u a l DMF peaks were recorded in  the in fra red
sp ec tra , and no evidence fo r  the ketone absorption was apparent. 
S im ilarly  no obvious d ifferences in  the spectrum was no ticed  fo r  large
used more "vigorous experimental conditions (343-353 K fo r  4-6 h r s .)  than
reactions proposed. The p o s s ib i l i ty  o f n-BuLi reacting  p re fe re n tia lly  
with the EMF cannot be discounted, in  which case the following anion could
The proposed anionic in i t i a t io n  reaction  would s t i l l  be v a lid  in  th is  
case, but the ac tual in i t ia t in g  species would be d if fe re n t.
In conclusion a conventional anionic in i t ia t io n  mechanism v ia  the 
pendant n i t r i l e  group is  the most favourable fo r  the experimental 
conditions in v estig a ted .
The k in e tic  analysis has shown th a t the propagation reaction  has 
two stages , rap id  growth to  sho rt k in e tic  chain length , followed by 
slower propagation to  longer leng ths. The spectroscopic re su lts  have 
ind icated  th a t a conjugated inline s tru c tu re  is  produced by the reaction  
of PM with n-BuLi. This is  d ire c t evidence favouring the conventional 
ion ic  propagation reac tion . I f  propagation occurred v ia  proton ab strac tio n  
then a conjugated —(OC}- system would be observed in  the spectroscopic 
data . S im ilarly  a change in  proton ra tio s  would be recorded in  the 
H’-NMR sp ec tra . Since d ire c t evidence against both of these p o s s ib i l i t ie s  
has been presented , propagation v ia  the pendant n i t r i l e s  is  concluded. 
G ra s s ie ^ ^  has reported  a ,TbackbitingM type of propagation mechanism 
fo r  the thermal reac tio n , as shown in  Figure (10) (section  2.4 ) .
Extensive tra n s fe r  occurs in  th is  type of reac tio n , and since tra n s fe r
n-BuLi:PAN ra t io s ,  and c a ta ly tic  q u a n titie s . Also Lwowski e t  a l ^ ^
those used in  th is  study, which could explain the d ifferences in  the
be produced
H
predominately involves hydrogen a b strac tio n , which has no t been observed 
in  th is  study, th is  mechanism was a lso  discounted.
A conventional anionic propagation mechanism was therefo re  concluded, 
re su ltin g  in  the secondary polym erisation of the pendant n i t r i l e  groups. 
Both stages o f the propagation reac tio n , as defined by the k in e tic  
an a ly sis , produce the same s tru c tu re , since no q u a lita tiv e  d ifferences 
in  the sp ec tra  were observed. The rap id  propagation of ladder sequences 
w ith sho rt k in e tic  chain length occurs when the chain m obility  in  
so lu tion  is  high* As the number and the length of these sequences increases 
the ra te  of propagation, which is  con tro lled  by the ra te  of ro ta tio n  
about the sk e le ta l  bonds, decreasesMbecause s te r ic  hinderance increases
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the d if f ic u l ty  of fu rth e r  reac tio n . Therefore propagation to  longer 
cyclised  lengths is  slower.
6.8 Comparison of chemically and therm ally produced cyclised  lengths 
Many workers have applied a ’’ru le  of thumb'! ca lcu la tio n  to  th e i r
experimental re s u lts  fo r cyclised  PAN, and have generally  concluded
th a t only sh o rt (< 5  h e te ro cy c lic s) cyclised  sequences are produced 
f 57)therm ally. Clarke^ J developed a method to  ca lcu la te  the length of 
cyclised  sequences produced in  PAN, on heating  in  both in e r t  and oxid ising  
atmospheres. The maximum degree of c y c lisa tio n  fo r  C ourtelle heated a t  
498 K in  in e r t  atmospheres was 24-32, and correspondingly 10-16 in  an 
oxid ising  atmosphere. Since these values are su b s ta n tia lly  la rg e r  than 
any previously  reported in  the l i t e r a tu r e ,  the degree of c y c lisa tio n  
ca lcu la ted  fo r the chemically cyclised  product was conpared w ith those 
conventionally therm ally s ta b il is e d .
The peak in  the in fra red  spectrum a t  2200 cm has been^ a ttr ib u te d  
to  a n i t r i l e  group environmentally a ffec ted  by the presence of an adjacent
cyclised  sequence. Therefore there  w il l  be one of these groups p resen t 
;for every cyclised  sequence. Clarke used the r a t io  o f the absorbances 
of the two n i t r i l e  peaks (Aq^ O o/  *^2240 ^   ^ 35 l5asis fo r ^ is  
c a lcu la tio n . Values o f R were s im ila rly  calcu lated  fo r  the n-BuLi
in i t ia te d  products. Figure (78) shows these values p lo tte d  as a comparison 
(57)to  C larke 's^  J values ca lcu la ted  fo r  therm ally degraded film s and
f ib re s . The d if fe re n t nature o f the curves i s  immediately apparent.
Thermally tre a te d  C ourtelle  produces a su b s ta n tia lly  l in e a r  re la tio n sh ip
fo r  both in e r t  and oxid ising  treatm ents, although the R values in  the
oxid ising  atmosphere are between 5 and 10 times g rea te r than the
corresponding in e r t  value. In c o n tra s t, the chemical reac tion  produces
an immediate, rap id  increase in  R, tending to  a lim itin g  value a t  longer
tim es. The value R=1 ( i .e .  when both n i t r i l e  peaks are the same in te n s ity )
-1is  reached fo r  PM tre a te d  with n-BuLi (concentration = 0 .1  mol kg ) 
fo r 3.3 h r . , while the same value is  produced a f te r  oxid ising  C ourtelle  
fo r  10 h r. The inference from the d iffe re n t c h a ra c te r is tic s  of these 
curves is  th a t  in i t ia t io n  is  the ra te  determining step  in  the thermal 
reac tio n , and th a t oxygen acts as an in i t i a to r  fo r  the free  rad ica l 
reac tion .
I t  was shown in  section  (5 .5 .1) th a t the ex tin c tio n  co e ffic ien ts
(57)fo r the two n i t r i l e  groups were considerably d if fe re n t. C larkev 
s im ila rly  acknowledged a d ifference  between the ex tin c tio n  c o e ffic ien ts  
of the two n i t r i l e  absoip tions. However, he did not ac tu a lly  ca lcu la te  
a value, but introduced a fac to r of 2.5 in to  h is  c y c lisa tio n  c a lcu la tio n , 
which was in fe rred  from ex tin c tio n  c o e ff ic ien t values fo r  a sa tu ra ted  
a lky l compared with th a t fo r an unsaturated n i t r i l e .  The example 
quoted is  m ethylam inodiacetonitrile (£=0.007 1 g ^ ), and am inoacry lon itrile  
(£=0.018 1 g~^) I f  the ex tinc tion  c o e ffic ien ts  d if f e r  by a fa c to r
of 11.5, as ca lcu la ted  in  th is  study, and th is  value is  su b s titu te d
[n-BuLi] (mol kg'1)
oxidised fibre
0.080.8-
0.05
0 .6-
oxidised film
0.4-:
0 .2- inert fibre
inert film
Time (hrs)
F ig u re  (7 8 ) The r a t i o ,  R, CN(2200cm~ )/CN(2240cm ~ ) p l o t t e d  
a s  a  f u n c t io n  o f  r e a c t i o n  t im e , co m p arin g  
c h e m ic a l ly  c y c l i s e d  PAN w ith  h e a t  t r e a t e d  PAN.
in to  C larkefs equation, then a l l  h is  calcu lated  values are increased 
by a fa c to r  o f 4. This would appear to  in d ica te  th a t the k in e tic  
cyclised  chain length could be su b s ta n tia lly  longer than appreciated in  
the l i t e r a tu r e .  This therefo re  in p lie s  th a t oxidised C ourtelle has 
an average degree of cy c lisa tio n  of 52 in stead  of 14, while corresponding 
values fo r  the in e r t  case increase from 28 to  112. The apparent reduction 
in  the average value fo r  sequence lengths achieved is  in d ica tiv e  of sh o rte r 
sh o rte r  lengths towards the end o f the reac tio n , which is  p rogressively  
s te r ic a l ly  hindered, and also  of continuous in i t ia t io n .
6.9 Relevance to  carbon f ib re  production
A major aim of th is  work was to  e s ta b lish  whether a chemically 
induced c y c lisa tio n  reac tio n  could produce s ta b il is e d  PAN fib res as 
su itab le  precursors to  carbon f ib re  form ation. The problems associated  
with such an approach are broadly twofold;
(1) the f ib re  must have s u f f ic ie n t  thermal s ta b i l i ty  to  m aintain 
i t s  in te g r ity  on carbonisation.
(2) assuming c r i te r io n  (1) i s  f u l f i l l e d ,  the f ib re  must produce 
a good carbon y ie ld , and the re su ltin g  f ib re s  must have conparable 
p roperties  to  f ib re s  prepared by the conventional rou te.
A b r ie f  examination of the theimal s ta b i l i ty  of p a r t ia l ly  cyclised  
polymer (section  5 .6 .4 ) has shown th a t such products carbonised d ire c tly  
are as therm ally s tab le  up to  1200 K, as a sample of homopolymer which 
has been therm ally s ta b il is e d  a t 493 K p r io r  to  carbonising.
While studying the bulk p ro p erties  of these polymers gives an 
ind ica tion  of th e i r  behaviour under carbonising conditions, i t  would 
be of more b e n e fit to  study the p roperties  of p a r t ia l ly  cyclised  PAN 
f ib re s , and thus evaluate th e ir  p o te n tia l  as carbon f ib re  p recu rso rs .
An attem pt has been made to  produce p a r t ia l ly  cyclised  PAN f ib re s . 
Three techniques have been prim arily  considered.
(1) PAN was i n i t i a l l y  reacted  w ith n-BuLi in  so lu tio n . The reaction  
was k i l le d  a t  the required  ex ten t o f reac tio n , ca lcu la ted  from the 
previous se r ie s  of experiments. The poylmer was p re c ip ita te d  in to  an 
excess o f methanol. Redissolution of the freeze-d ried  product subsequently 
produced a spinning so lu tio n , using the wet spinning technique. 
A lte rn a tiv e ly  in stead  of adding an excess of methanol to  the reacting  
so lu tio n , only a s l ig h t  excess re la tiv e  to  the n-BuLi concentration was 
added. The so lu tio n  could then be spun d ire c tly , since the reaction  
product remained in  so lu tio n .
(2) The spinning of " liv e"  polymer so lu tions was a lso  considered.
In th is  case the doped spinning so lu tio n  was allowed to  re a c t fo r the 
required  tim e, a f te r  which i t  could be spun d ire c tly . The major 
disadvantage of th is  technique would be the changing ex ten t of reaction  
during the spinning process.
(3) The th ird  p o s s ib i l i ty  was to  incorporate the add itive  (n-BuLi) 
in to  spun PAN (or C ourtelle) f ib re s  produced by wet spinning, which could 
be done by incorporating  the additive  in to  the coagulation ba th . Gump
r os 1and Steutz^ J used th is  method, although the problems associated  
with th is  technique include m aintaining the a c tiv ity  of the n-BuLi 
in  the coagulating ba th , to  i n i t i a t e  tie  cy c lisa tio n  rea c tio n , and to  
ensure th a t  a uniform reaction  throughout the f ib re  c ro ss-sec tio n  occurred.
I n i t i a l  attempts by the author to  spin  reacted  polymers proved 
d i f f ic u l t ,  mainly as a r e s u l t  of the low v isc o s ity  of the polymers in  
EMF so lu tio n . The technique was l a t t e r ly  modified to  use a sm all quantity  
of a high molecular polymer as a c a r r ie r  fo r the cyclised  polymer.
I n i t i a l  experiments were undertaken with spinning so lu tions doped w ith 
small q u a n titie s  o f high molecular weight polyethylene oxide, as a c a r r ie r .
The polyethylene oxide is  w ater so lub le , therefo re  i t  is  removed in  the 
coagulating b a th , leaving the p a r t ia l ly  cyclised  poylmer f ib re . The i n i t i a l  
se r ie s  of experiments however, was la rge ly  unsuccessful, and fu rth e r  
investiga tions o f th is  type would be extremely in te re s tin g . Having 
produced the p a r t ia l ly  cyclised  f ib re  i t  could be evaluated as a precursor 
to  carbon f ib re  production. Chemical s ta b il is a t io n  of the precursor may 
obviate the need fo r  an oxidation stage , or reduce the time required  fo r  
oxidation since oxygen containing groups may be a p re re q u is ite  fo r 
promoting the dehydrogenation, reac tion  during carbonisation . A possib le  
advantage of producing carbon f ib re s  by th is  route could be the absence 
of the sheath-core s tru c tu re  observed in  conventionally prepared f ib re s . 
This s tru c tu re  is  a r e s u l t  o f the non-uniform oxidation reac tio n , which 
r e l ie s  on d iffu sio n  of oxygen in to  the bulk of the f ib re . Chemically 
s ta b il is in g  the polymer should produce a more uniform s tru c tu re .
Any method which can be used to  reduce the energy requirements 
fo r  the production of carbon f ib re s  could reduce the c o st, and make 
th e ir  use in  non-specia lised  app lica tions more a t t r a c t iv e .
CHAPTER 7 CONCLUSIONS
(1) Q ua lita tive  experiments ind icated  th a t  many add itives could 
ir re v e rs ib ly  colour PAN so lu tio n s . I n i t i a l  s tud ies ind icated  th a t 
n-BuLi rap id ly  coloured PAN so lu tio n s , a t  a ra te  which could be 
followed using a sampling technique.
(2) Spectroscopic analysis of the products o f the reaction  of PAN with 
n-BuLi ind ica ted  th a t a chromophoric, conjugated polymer was 
produced. The conjugated species —(ON)-^. was formed. The data  
confirmed the proposed secondary polym erisation reac tio n  v ia  the 
pendant n i t r i l e  groups, to  produce cyclised  sequences. The simple 
anionic reac tio n  model proposed a s tru c tu re  consisting  o f sho rt 
lengths o f cyclised  sequences separated by l in e a r , unreacted 
polymer. Termination of the chemical cy c lisa tio n  reac tio n  produced 
term inal inline groups, which were hydrogen-bonded to  the adjacent 
n i t r i l e  groups.
C3) Q uantitative analysis of the reaction  products showed th a t  cyclised  
sequences w ith k in e tic  chain length between 2 and 23 monomer u n its  
were produced. The values were dependent on the n-BuLi concentration , 
and the reac tio n  tem perature. The cy c lisa tio n  reac tio n  was in h ib ited  
in  the presence of oxygen.
(4) The re s id u a l enthalpy of the thermal reaction  o f p a r t ia l ly
cyclised  polymer decreased w ith increased ex ten t o f c y c lisa tio n .
The res id u a l enthalpy was d ire c tly  p roportional to  the number 
of res id u a l n i t r i l e  groups, determined by in fra red  spectroscopy.
Since the res id u a l enthalpy was independent o f n-BuLi concentration 
i t  was concluded th a t the term inal inline groups, produced during 
the chemical reac tio n , can in i t i a t e  the thermal cy c lisa tio n ^o f 
the remainder. The enthalpy o f the reaction  of the re s id u a l 
n i t r i l e  groups was calcu lated  to  be 24.4 kJ mol \  Under a l l
experimental conditions, 201 o f the n i t r i l e  groups must remain 
unreacted. The p a r t ia l ly  cyclised  product was found to  be 
p o te n tia lly  as therm ally s tab le  under carbonising conditions, 
as homopolymer therm ally s ta b il is e d  in  an in e r t  atmosphere, in  
the conventional manner.
The conversion curve was found to  have two d is t in c t  s tag es , both
o f which were f i r s t  order w ith respec t to  the decrease in  n i t r i l e
concentration . Stage (1) consisted  of in i t ia t io n  followed by
rap id  u n re s tr ic te d  oligom erisation to  produce cyclised  sequences
o f sh o rt k in e tic  chain length . The ra te  constant a t  293 K, fo r
-2  -1th is  s tag e , was ca lcu la ted  to  be 7x10 s . Stage (2) was the
propagation reac tio n , which was re s t r ic te d  by fac to rs  including
the r a te  o f ro ta tio n  around the sk e le ta l  bonds, s te r ic  hinderance
and changing so lu tion  p ro p e rtie s . The second stage ra te  constant
-3 -1a t  293 K was ca lcu la ted  to  be 2.6x10 s . The tem perature 
dependence of the reac tion  obeyed the simple Arrhenius equation.
The ac tiv a tio n  energy fo r the n-BuLi in i t ia te d  cy c lisa tio n  reaction  
was ca lcu la ted  to  be 41.5 kJ.
CHAPTER 8 SUGGESTIONS FOR FURTHER W3RK
(1) The k in e tic s  o f the reac tio n  need to  be examined continuously
to  enable a more rep resen ta tive  model to  be proposed, p a r t ic u la r ly  
fo r  the f i r s t  stage o f the reac tio n . The ion ic  nature o f the 
reac tio n  has no t been confirmed, and would be u sefu l in  order 
to  confirm the 100$ e ffic ien cy  assumed in  the k in e tic  study.
(2) The reac tio n  should be examined a t  higher temperatures fo r 
possib le  s tru c tu ra l  rearrangem ents, which may explain the re s u l ts
('72')
reported  by Johnson e t  a l ' J . Furthermore a t  h igher tem peratures 
low concentrations of in i t i a to r  could be examined, and the optimum 
cyclised  sequence lengths achieved.
(3) I f  known numbers o f in i t ia t in g  s i te s  can be incorporated in to  
the polymer using the chemical reac tio n , or by low temperature 
in i t i a t io n ,  then the c ry s ta l l i te  s ize  o f the f in a l  carbon f ib re  
may be shown to  corre la te  to  the number and length  o f cyclised  
sequences produced in  the conventional thermal s ta b i l is a t io n  
reac tio n .
(4) The next stage i s  to  confirm, or otherw ise, the p o s s ib i l i ty  of 
producing carbon f ib re s  from these chemically reacted  precursor 
polymers.
(5) Vinylidene dicyanide would appear to be a su itab le  carbon f ib re  
precursor. However, s ta b il is a t io n  can no t be therm ally induced 
since p re fe re n tia l  degradation occurs. I f  chemical in i t ia t io n  
o f the n i t r i l e  groups could be achieved, then carbonisation
to  produce a dense carbon f ib re  may be possib le .
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